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[57] ABSTRACT

A superconductive material has the formula

(T1).x1.x2Pbx1 Blx) oSty _yaBays)pCa,CugOr

where

0=X1=0.8

0=X2=0.5

0=X3=1.0

0.7=a0=1.5

1.4=B=3.0

0.7=y=4.5

145056

45=s(=17

<X 1+X2<]1.

The superconducting material may be combined with an
isostructural non-superconducting material, which then acts

as a pinning center. The result may also be combined with

a metal. The resulting superconductor permits a high critical

current density Jc to be obtained, even at relatively high
magnetic flux densities.

15 Claims, 3 Drawing Sheets
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SUPERCONDUCTIVE MATERIAL, A
SUPERCONDUCTIVE BODY, AND A

- METHOD OF FORMING SUCH A
SUPERCONDUCT IVE MATERIAL OR BODY

BACKGROUND OF THE INV ENTION

- 1. Field of the Inventlon . |
The present invention relates to a supereonductmg mate-

- nal to a superconducting body, and to a method of making
o such a supereonductmg material or body

2 Summary of the Pnor Art
- Superconducting matenals are now well know, and many

o _'dlﬂ’erent superconduenng materlals have been disclosed.

| " For example, U.S. Pat. No. 4,990,432 disclosed super-
cenductwe matenals based on the elements Bi, Sr, Cu, O. In

~ U.S. Pat. No. 4,990,432, the materials proposed had the
. composition Bi_Sr,Cu,O,, where atb+c=1, a=0.36-0.557,

b=0.098-0.496, ¢=0.1-0.4 and d=approx. 1+a/2 Further-

 more, JP-A-2-289424 disclosed superconductive materials

B | based on the elements"_-I'l, Sr, Ca, Cu, O, and TI Ba/Sr, Ca,
‘Cu, O. Again, specific ranges were given for the amounts of
“those elements present in the material. U.S. Pat. No. 5, 017,

_' - 554 disclosed superconductive compounds based on TV/Pb,
- 8r, Ca, Cu, O. The disclosure proposed the material T1P-
~ b,Ca,Sr Cu 0, with a=1/10-3/2, b=1-4, c=1-3, d=1-3,

- e=3/10-1 and x=(a+b+c+d+e+y), with y=1/2-3.

~ An article entitled “A New Process with the Promise of
~ High Jc on Oxide Superconductors” by M Murakami et al in

- Japanese Journal of Applied Physics, Vol 28, No. 7, pp 1189

o ‘to 1194 (1989) also disclosed superconductive materials
~ based on Y, Ba, Cu, O together with non—supereonducuve )

. matenal based on X, Y Ba, Cu O.

SUWARY OF THE INVENTION

- ’I‘here are two thmgs that need to be considered when
- produemg a supereonductwe matenal The first is the critical

) temperature Tc which is the temperature above which the
- superconductive material ceases to exhibit superconductive
properties. Superconductive oxides have been developed

| o -with relatively high Tc (100 K. or greater), but attempts
~ continue to be made to increase Te.

- In the search for superconduchve matenals of high Tc

o however, little eo_nmderatmn has, been given to the current

. density that is obtainable in the presence of a magnetic field.
The current density of which the superconductive effect is

- lost is known as the critical current density Jc, and, in
general, existing superconductive materials show a signifi-

~ cant drop in critical current density Jc in the presence of

- . relatively small magnetic fields. There is this a desire to
~increase the critical density Jc in general, and in particular

- to increase that enncal current densuy Jc in the presence of

2 magnetic field.

- Inafirst aspect of the present mventlen itis proposed that
.a superconductlve matenal be formed of the formula

(T11-x1-xzpanl_n)u(S_f;:%mBaxj)ﬂcaycuaog

S where

0=X1=08
0=X2=505
- 0=X351.0
07ia{15
1.45B=S3.0

5

10

15

20

25

30

35

43

50

33

60

63

5,462,922

0.7=y=4.5

1.4=0=6

4.5=(=17

0<X1+X2<1
This formula will be referred to as Formula 1. Preferably
0<X3=1

It has been found that such a superconductive material
permits high critical current density Jc to be achieved,
particularly at high magnetic fields. For example, the exist-
ing materials described in U.S. Pat. No. 4,994,432 and
JP-A-2-289424 all have a critical current density Jc which
falls to zero at a magnetic field of 1 Tesla, whereas the

present invention may permit critical current densities of
around 1000 A/cm* and magnetic fields of the order of 8

Tesla.

Furthermore, superconductive materials according to the
first aspect of the present invention generally have values of

the critical temperature Tc of a similar order to those
materials disclosed in U.S. Pat. Nos. 4,994,432, 5,017,554
and JP-A-2-289424. Thus, the advantages of high critical

current density Jc achievable by superconductive matenals
of the present invention do not involve significant loss of

- crnitical temperature 1Ic.

Preferably, either:

th ™ ta
o

Or.

n
o

or.

: CNNNRA=ORN =
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O3 B3 = A A TTA A TIA DA (A 1A TIA

-
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th b oy ©

When an oxide superconductive material, is cooled to an
appropriate temperature, is made superconductive and i1s
maintained in a magnetic field, the quantized magnetic flux
enters the superconductive material. If applying current is
applied under this condition to the superconductive material,
Lorentz force will act on the magnetic flux, causing the
magnetic flux to move in the superconductive material. The
movement of the magnetic flux causes loss of energy, which,
in turn, causes electric resistance to occur in the supercon-
ductive material. Therefore, to obtain high critical current

“density Jc in the magnetic field, it is necessary to ensure that

the magnetic flux having entered the superconductive mate-
rial does not move even when the current is flowing. It 1s
known, eg from the article by M Murakami referred to
above, to introduce non-superconductive material into the
superconductive material into the superconductive matenal

matrix, into the superconductive material matrix, and the

quantized magnetic flux is trapped in by these non-super-
conductive materials (the non-superconductive materials act
as pinning centers) so that the entered magnetic fiux will not
move, thereby ensuring that the current will flow without

‘resistance occurring even in a magnetic field.

Therefore, it is possible to introduce a plurality of pinning
centers into the superconductive material of the first aspect
of the present invention, to form a superconductive body.

However, investigations have shown that particularly
advantageous results are achieved when the pinning centers
are formed by a non-superconductive material which 1s
isostructural with the superconductor matenal An 1sostruc-
tural material is one with the same chemical structure, but
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has at least one element difference. Therefore, a second
aspect of the present invention proposes that a supercon-
ductive body comprises at least one superconductive mate-
rial and at least one isostructural non-superconductive mate-
rial differing by one or more element.

It 1s found that the use of such isostructural non-super-
conductive material also acts to improve the critical current
density Jec in the presence of a magnetic field. Preferably the
superconductive material 1s the oxide superconductive mate-
rial (Tl yxy_x»PbxBiy)Sr; sBa ;),CaCu,0-, ., (Where
0=X1<0.8, 0=X2<«0.5, 0=X3«<l O0<X1+X2<1l, and
—0.5<X4<0.5) and the non-superconductive material is (T1
x1-02Pby1 B1y, )ST;_y3Bays) ,LnCu,0,.5,, (where Ln is a
yitrium or one or more of the elements selected from the rare
earth elements, and —0.5<X4<0.5) and/or (Tl, 5, x,Pb
x1B1y»)LnSrCaCu, 0, x4, (Where Lin is an yttrium or one or
more of the elements selected from the rare earth elements,
and —{.5<X4<0.5) having a crystalline structure isostruc-
tural with that of the superconductive material, obtained by
substituting the other elements for one or more elements
constituting the superconductive material.

In a iurther development, the oxide superconductive
material 1S (T], 5, x,PbyBiy,)Sr; 43Bay,),CaCu, 0., .,
(where 0=X1<0.8, 0=X2<0.5, 0<X3=1, 0<X1+X2<1, and
—{.5<X4<0.5), the non-superconductive material is (T1, .
x2Pby B1,,)S1; 53Bays)LnCu, 0, 5, (wWhere Ln is yttrium
or one or more of the elements selected from the rare earth
elements, and = —0.5<X4<0.5) and/or (Tl, 4.
x2Pby,Biy,)LnSrCaCu,0,, +,, (Where Ln is yttrium or one
or more of the elements selected from the rare earth ele-
ments, and —0.5<X4<0.5) having a crystalline structure
1sostructural with that of the superconductive material,
obtained by substituting the other elements for one or more
elements constituting the superconductive material, and
there 1s also a metallic part of e.g. Ag and/or Pt family
metals.

As 1s evident from the above discussion, the present
invention is particularly concerned with superconductive
materials containing Tl. As was mentioned earlier, with
retference to the article by M Murakami, it is known to

provide semiconductor comprising compounds of Y, Ba, Cu, |

O and non-isostructural materials forming a pinning center.
However, such materials have critical temperatures C. below
100 K. Therefore, a further aspect of the present invention
proposes that a semiconductor body be formed of a Tl-based
superconducting material together with non-superconduct-
ing material which may be isostructural or non-isostructural
with the superconductive material.

A further aspect of the present invention concerns the
method used to form the superconductive material or super-
conductive body. According to this aspect of the present
invention, it is preferable that the superconductive material
is subjected to a melt process. Where a superconductive
body is to be formed from a superconductive material and a
non-superconductive material, particles of the two materials
are mixed, sintered, and then subject to the melt process.

Superconductive materials and/or superconductive bodies
according to the present invention are particularly advanta-
geous for forming superconductive wires, This is particu-
larly true if the superconductive body contains suitable
metallic material, e.g. Ag and/or Pt family metals, as has
been mentioned earlier.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention will now be
described, by way of example, with reference to the accom-
panying drawings, in which:

FIG. 1 shows a model representing the crystal structure of
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a superconductive material produced according to Embodi-
ment 1 of the present invention;

FIG. 2 shows a model representing the crystal structure of
a non-superconductive material used in Embodiment 2 of
the present invention;

FIG. 3 shows a model representing the crystal structure of
a non-superconductive material used in Embodiment 3 of
the present invention;

FIG. 4 1s a magnetism/hysteresis curve for the material of
Embodiment 2;

FIG. 5 1s a magnetism/hysteresis curve of a known
material; and

FIG. 6 shows a superconductive wire according to
embodiments of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

When an oxide high-temperature superconductive mate-
rial, being a second-grade superconductor, is cooled to an
appropriate temperature, made superconductive, and main-
tained in a magnetic field, quantized magnetic flux enters the
superconductive material. If an electric current is then
applied to the superconductive material, Lorentz force will
act on the magnetic flux, causing the magnetic flux to move
in the superconductive material. The movement of the
magnetic flux causes loss of energy, which, in turn, causes
electric resistance to occur in the superconductive material.
Therefore, to obtain a higher superconductive critical cur-
rent density (hereinafter referred to as “Jc’) in the magnetic
field, it 1s necessary to ensure that the magnetic flux which
has entered the superconductive material does not move
even when a current is flowing. It is known to introduce
non-superconductive material into the superconductive
material matnx, and the quantized magnetic flux is trapped
in this portion (the portion act as a “pinning center”) so that
the magnetic flux will not move, thereby ensuring that the
current will flow without resistance occurring even in a
magnetic field. The present invention then seeks a super-
conductor which permits a large amount of superconductive
current to flow, even in a magnetic field, and using an oxide
high-temperature superconductive material. It has been
found that a large amount of superconductive current can
flow even in a magnetic field by heat-treating a supercon-
ductor of a suitable composition at a temperature range in
which a liquid phase is created at least once.

A pinning center is a portion which traps the gquantized
magnetic flux entering the superconductive material and
hxes the magnetic flux so that resistance will not occur when
the magnetic flux is moved. If non-superconductive material
i1s present in a matrix of superconductive materials, the
non-conductive portion has smaller energy for the quantized
magnetic flux at the temperature at which the superconduc-
tive materials shift into the superconductive phase (herein-
after referred to as the critical temperature “Tc””). Thus, the
presence of the magnetic flux takes priority over that of the
non-conductive portion. Hence, all the non-conductive por-
tions introduced into the matrix of superconductive materi-
als have a possibility of becoming pinning centers. However,
the force to fix the quantized magnetic flux (pinning force)
varies greatly according to the type of the materials of the
pinning center, size, shape and distribution of the non-
conductive portion, distance between the non-conductive
portions, and boundary bondage between the superconduc-
tive and non-superconductive materials.

In embodiments of the present invention, it has been
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N _found to be p0351b1e to manufacture a superconductor fea-
“turing a high degree of pinning force, that is, a hlgh value of

 superconductive critical - current density “Jc” even in a

N magneti_c field, by maintaining the superconductor compris-
1ng a superconductive material consisting of Tl, Sr, Ca, Cu

| and O at a tcmperature range, for five minutes or more,
- where a liquid phase is once created, and by subsequently

~ heat-treating it at the temperature of 800° to 900° C. It has
also been found that the value of “J¢” in the magnetic field

- may exceed 1000 A/cm” at 77 K. and one tesla when the
- non-superconductive material compnsmg Ca, Cu and O,
~ non-superconductive material comprising Ca, Sr and O, and

“non-superconductive material containing elements consti-

B __tutmg the superconductwc materials such as Ca0O and CuO

~ are present within a range of 10 to 60 percent in volume

~ratio, in addition to the superconductive material.

~ The composition ratio of the starting (original) materials
- has been investigated, on the basis of many different param-

- eters, and it has been found that the composition of the
- superconductive materials contained in the superconductors .

~ is preferably as will now be described.
Though there are vanauons amounting to tens of percent,

. ) '.dependmg on the crystals analyzed, the approx1mate com-

_position of the superconductor is preferably;
- TI:Sr:Ca:Cu:0=1:2:1:2. |
T1:Sr:Ca:Cu:0=1:2:2:3

© TL:Sr:Ca:Cu:0=1:2:3:4

~ To facilitate production of the superconductlve materlal

. - various substitution of the elements has been investigated.
- By substituting Bi or Pb for part of the Tl and, at the same

time, substituting Ba for part of Sr, it was possible to come
close to a composition suited to the productmn process, and

~ to improve the value of “Jc” in the magnetic field for the

- superconductor manufactured via a process of in which the

. liquid phase is generated once. Bi or Pb was substituted for

“part of the Tl in the conventional method as well.
~ Ttis known that the material represented by Formula 2 is
~ a superconductive material; Formula 2
(T}, Pb, Bi)SrZCa,,_-l'Cu;O;,ﬂ | (Formula 2)

' However, when the Ba does not substitute for part of the

o . Sr, the temperature for creation of liquid phase is as high as

950° C. when heat-treatment is performed to allow partial

E ~ coexistence of liquid phase as described above. Therefore, a
large amount of Tl evaporates during this process, which

makes it difficult to manufacture the superconductor. By

- - substituting Bi or Pb for part of the Tl and, at the same time,

substituting Ba for part of Sr, the temperature for generating

. ~ the 11qu1d phase component is lowered and evaporauon of

~ the TI is reduced. Therefore, the superconductor is prefer-

- ably manufactured by such a process. This permits produc-
~ tion of a superconductor featunng a high value of Jcin a

magnetic field.
- - It has also been found that the bondage of thc crystal grain
is improved by substituting Bi or Pb for part of the Tl and,at

- .the same time, Br for part of the Sr.

- 'When a superconductor mainly comprising the elements

- _rcpresented in Formula 2, was manufactured by a normal

~ heat treatment method without generating the liquid phase,

- ~ then the superconductwe critical current density inside the

~ crystal grain of the superconductor was thousands of A/cm”
(at an applied magnetic field of one tesla and measuring

. temperature of 77 K.), which was unsatisfactory. Further-
-~ more, the conventional composmon and conventional heat

- treatment brings about not only unsatisfactory superconduc-
tive critical current densuy_ “Jc”, but also extremely poor
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bondage among the crystal grains of the superconductive
materials. The value of the superconductive current flowing
through the boundary of this crystal grain is one tenth or less

“of the superconductive critical current density inside the
crystal grain. Thus, the superconductive current flowing as

carrying current is extremely low, for example, hundreds of
A/cm? at the temperature of 77 K. in an applied magnetic
field of one tesla. |

When the superconductor was manufactured by heat-
treating the superconductor comprising the superconductive
material obtained by substituting the Bi or Pb for part of the
Tl and, at the same time, the Ba for part of the Sr as main
crystal, at least once at the temperature range which allows
coexistence of the liquid phase component, then the super-
conductive critical current density “Jc” within the crystal
grain of the superconductor was sufficiently high, namely, |
tens of thousands of A/cm*(in an applied magnetic field of
one tesla at the temperature of 77 K.). The bondage among
the crystal grains of the superconductive material was excel-
lent, and the superconductive current which could flow the
boundary was one tenth or more. Hence, the value of the
superconductive current which can flow as carrying current
was extremely high, e.g. thousands to tens of thousands of
A/cm” at a temperature of 77 K. 1n an applied magnetic field

of one tesla.
In such a case, a superconductor with such non-super-

conductive materials as BaPbO,;, BaBi0O;, Ca,Cu0O;, and
Ca,PbQO, present in addition to the superconductive material
showed a superconductive critical current density “Jc” ten to
twenty percent higher than a superconductor without those

- materials. It was not possible to get evidence that these

35

45

50

35

60

non-superconductive materials were working as pinnng
centers, but there is a great probability for that. The diameter
of the crystal grain of the superconductive material was
adjusted, and the triple point of the grain boundary was
dispersed uniformly by controlling the distribution of the
triple point (average distance: 10 microns); this resulted in
an improvement of the value of “Jc” in the magnetic field by
ten percent. Assuming that this triple point was working as
a pinning center, the distribution was examined by computer
simulation, and it was found that the average distance should

~ preferably be 10 nm to 50000 nm.

The process of manufacturing a superconductor featuring
a high “Jc” value in a magnetic field may be facilitated by
manufacturing the superconductor with a composition
which contains, in addition to the superconductive matenal
and non-superconductive material, a metal which does not
react significantly with the superconductive and non-super-

conductive material at the temperature for manufacturing the

materials. The metal parts should be distnibuted uniformly

“throughout, and the volume ratio should be 50 percent or
less; more preferably 20 percent or less.

Considering now the ratio between the superconductive
material and non-superconductive material constituting the
superconductor, a smaller percentage of the non-supercon-
ductive material will result in a smaller pinning force in
total, giving a smaller value of “Jc” 1n the magnetic field.
Conversely, a greater percentage of the non-superconductive
material will mean a smaller percentage of the supercon-
ductive portion, which does not provide high “Jc”. Thus, the

- ratio between the oxide superconductive material and non-

63

superconductive material in terms of volume ratio should be

‘within a suitable range, preferably from 0.01 to 1.

When current is applied to the superconductor using an
oxide superconductive material of a polycrystalline sub-

~stance, the superconductive critical current density “Jc” of

- the superconductor juncture at the grain boundary is gener-
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ally lower than that of the superconductive state within the
crystal grain; thus, presence of the non-superconductive
material within the crystal grain 1s more eflective than
presence on the grain boundary of the superconductive
material, when it 1s sought to ensure a high value of “J¢” for
the superconductor.

When the ratio between the non-superconductive material
separated 1nside the crystal grain of the superconductor and
the superconductive material is considered, a smaller per-
centage of the non-superconductive material will result in a
smaller pinning force in total, giving a smaller value of “Jc”
in the magnetic field. Conversely, a greater percentage of the
non-superconductive material means a smaller percentage of
the superconductive material, which does not provide high
“Jc”. Thus, again the ratio of the superconductive material
and non-superconductive material should be within a suit-
able range. Preferably, the volume ratio of the non-super-
conductive material with respect to the oxide superconduc-
tive material should range from 0.01 to 10, more preferably
from 0.01 to 1. If the non-superconductive material sepa-
rated inside the crystal grain of the superconductor is too
small in size, quantized magnetic flux cannot be sensed as an
energy well, so that it fails to function as a pinning center.
Excessive size of the non-superconductive material will
produce a flat energy well, causing a poor pinning center
function, and lowering the value of “J¢”. Thus, the size of
the non-superconductive material grains should be within a
suitable range. The average particle size of the -non-super-
conductive material should normally range from 1 nm to 1
micron, more preferably from 1 nm to 0.5 microns. Quan-
tized magnetic fluxes which enter the superconductor react
with each other; so the distnbution density of the pinning
centers within the superconductor is also significant in
determining the Jc value in the magnetic field. The average
distance between the crystal grains of the non-superconduc-
tive materials should range from 1 nm to 1 microns, more
preferably from 1 to 300 nm.

When the percentage of Tl and Pb contained in the
material 1s considered, matching between the superconduc-
tive material and non-superconductive material appears to
be the most effective when the X1 value in Formula 1 is 0.3
to 0.8; a higher Jc value is obtained. The superconductive
critical current density of the superconductors manufactured

in the said six cases were measured at the temperature of 77

K. in the magnetic field of 1 tesla. The values obtained were
at least 5000 A/cm? in all cases.

When manufacturing the superconductors, it is desirable
to allow the superconductors to reach the temperature range
in which the liquid phase will be generated at least once, in
order to disperse the pinning centers uniformly. To remove
harmiul matenals from the crystal grain boundaries of the
superconductive material and non-superconductive material,
it 18 desirable, at least once, to provide heat treatment within
a range from a temperature equal to or above the temperature
50 degrees lower than the temperature at which the liquid
phase begins to be generated, to a temperature equal to or
below the temperature at which all components are in a
liquid phase. |

'The “Jc” value can be further improved in a magnetic field
by separating the different non-superconductive materials
acting as pinning centers inside the superconductor.

Many non-superconductive materials (non-superconduc-
tive materials G) have been introduced into the supercon-
ductor, e.g. by introducing a non-superconductive material
(A) having crystal structure isostructural (hereinafter “simi-
lar”) to that of the superconductive material, the non-
superconductive material being obtained by substituting
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different elements for one or more elements of the super-
conductive material into the matrix of the oxide supercon-
ductive material, in an effort to find out what kind of other
non-superconductive materials are suited as materials to
form the pinning centers. As a result, it has been found that
the oxide superconductive material, or the material consist-
ing only of the elements which constitutes the non-super-

- conductive matenial (A) 1s effective. In particular, Ca0, SrO,

Ca,CuQO,, Ca,PbO,, BaPbO, and BiBaO, have been found
effective. If the process of manufacturing superconductors
according to the present invention uses a step which makes
said oxide superconductive matenial and non-superconduc-
tive material (A) amorphous, and the materials arc subse-
quently crystallized by heat treatment, then bonding of the
crystal grains of the superconductive material improves,
ensuring the production of superconductors with excellent
properties. To make such materials amorphous, an abrupt
quenching method (to cool these materials abruptly from the
liquid phase), spattering method, laser deposition method,
electron beam deposition method, deposition method, ther-
mal spraying method, chemical vapor phase deposition, etc.
may be used with successful results.

A superconductor according to the present invention is
applicable to all the superconductor-applied equipment,
which currently use a superconductor or which are supposed
to be able to use a superconductor. The superconductor
manufacturing method according to the present invention 1s
directly applicable to the manufacture of a superconductive
wire using an oxide superconductor.

As described above, 1n order to improve the value of the
superconductive critical current density “J¢” of the super-
conductor using an oxide superconductive material in a
magnetic field, it 1s necessary to introduce pinning centers
which effectively fix the quantized magnetic flux entering
the superconductor.

The pinning centers do not have superconductivity. If the
non-superconductive material of the pinning center con-
tained in the superconductor is excessive, the superconduc-
tive current path will decrease, resulting in a superconductor
with a low Jc value in total. Thus, the quantity of pinning
centers to be introduced into the superconductor must be
within a certain range. The volume ratio of the pinning
centers relative to the oxide superconductive material must
normally be 0.01 to 10.

The magnetic flux entering the superconductor 1s quan-
tized and 1s very small in size. Its diameter is of the same
order as that of the superconductor coherence length. Thus,
the most effective situation is when the size of the pinning
center 18 about the same as the superconductor coherence
length. Generally, the coherence length of the oxide super-
conductive material 1s from several angstroms to scores of
angstroms. Therefore, when the non-superconductive mate-
rial particles present inside the superconductor, acting as the
pinning centers, have about this size, the pinning centers
work more effectively. The triple point is structured in size
to be extremely effective as a pinning center. Actually, the
quantized magnetic fluxes can enter the pinning centers in
several bundles, so the size of the non-superconduciive
material particles present inside the superconductor acting as
the pinning centers 1s considered to be effective when it is
within the range from several angstroms to thousands of
angstoms. The size should preferably be within the range
from 3 angtroms to 1 micron. The quantized magnetic fluxes
entering the superconductor have a mutual effect of repelling
each other; therefore the distribution density of the pinning
centers in the superconductor has a significant influence on
the “Jc” value in the magnetic flux. The average distance




"~ between the crystal grains of the non-oxide superconductive
- - material should preferably be within the range from 1 nm to
1 micron. It should more preferably be w1thm the range from

’ _':_-1t0300nm - -

- When manufaetunng a supercenductor aceordmg to the
: present invention, it is preferable that heat treatment is

~ performed with the liquid phase coexisting. Coexistence of
- the 11qu1d phase increases the speed of atomic dispersion,
- resulting in improved crystal properties of the materials of

- the. superconductor and in better bondage between the
- crystal grains. At the same time, if the superconductive

- material used in the present invention is mmntauned at the
- temperature range for generating the liquid phase, the super-

- conductive material will start to decompose and the resulting
~ non- superconductlve matena] ‘will werk eﬂ’ectwely as a

'; '_'.plnnlng center. )
- Another poss1b1e reason to explam why a superconductor

- according to the present invention has an extremely high
 superconductive critical current density even in the magnetic
~field will now be discussed. In the process of cooling from

“the state where the liquid phase coexists, defects such as

dislocations and stacking faults are introduced inside the

- crystal gram of the superconductwe matenal resulting in
“creation of pinning centers. This may give an extremely high
| superconductlve critical current density even in a magnetic

- field. Thus, it is not currently possible to determine the most
. effective pinning center. If the superconductor containing
~ one type or more selected from among Tl, Pb and Bi, one -
. type or more of Ba and Sr, and Ca, Cu and O is produced by

heating it at least once to the temperature range where the
- liquid phase occurs, it is possible to obtain a superconductor

~ having an extremely' high superconductive critical current
~ density even in the magnetic field.

- FIG. 4 illustrates a superconductor manufactured accord-
" ing to the general principles of the present invention. Its
- _eemposmen can be expressed by Formula 18. Formula 3

T]O 5Pbu 5Sr1 ﬁBﬂO 4CHQCH309+14 (Fﬂfﬂl’ﬂlﬂ 3)

) It represents the magnetlsm-hysteresls curve of the super-
conductor manufactured in a process in which the matenal

s sintered for five hours at the temperature of 880° C., then

- maintained at 980° C. for thirty minutes with liquid phase
remaining generated, then cooled down to 880° C. at a

" cooling speed of 30 degrees and is slntered for ten hours at

~ 880° C.
- . For ease of eempanson FIG 5 represents the magnetism-

~ composition as that of a superconductive material used in

o the present invention and which has been manufactured by

- aprocess in which the liquid phase has never been made to
. coexist. These measurements have been made using VSM

N ~ equipment manufactured by Oxford Inc. of the UK In FIG.
S the size of the hysteresis A-M of the curve is proportional
- to the superconductive critical current density.

-~ These results reveal that, in order to manufacture a
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| superconduetor hawng a good superconductlve critical cur-

- - rent density even in a magnetic field, it is normally necessary
" _to provide heat-treatment at least once with the liquid phase

- coexisting, while using the composition of the superconduc-
tor selected selected according to the present invention. The

- structure of the spemmen was investigated using a scanner
‘type electron microscope. The observation showed that the
- material consisted of the crystals of oxides comprising about

30 percent of Tlﬂ sPbg 551, ¢Bag 4CaCu,0,, about 40 percent

~of Tl sPbg 58t ¢Bag 4Ca,Cu,0,, about 10 percent of the

o ~ BaPbO,, and about 10 percent of Ca, Sr, Cu and O in terms

- of volume rate. The size: of the crystal grain of the super-
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conductor crystal phase was about 30 microns, and the
average distance of the triple point on the boundary was
about 30 microns.

This points to the strong possibility that the triple point on
the boundary is working as a pinning center for the non-
superconductive material comprising the elements compos-
ing the superconductor. However, this is only an assumption
at the current stage. There remains a possibility that the
material having the composition used in the present inven-
tion is heat-treated at least once at the temperature range
where liquid phase coexists, and the pinning center would be
introduced in different forms (e.g. in the form of vacancy,
dislocation and stacking faults), which would contribute to
the drastic improvement of the superconductive critical
current density. However, at the current stage, it 18 not yet
clear what feature is acting as a pinning center. If the
superconductor containing one type or more selected from
among the T1, Pb and Bi, one type or more of the Ba and Sr,
and Ca, Cu and O 1s produced by heating at least once up to
the temperature range where the liquid phase occurs, it 1s
possible to obtain a superconductor having an extremely
high superconductive critical current density even in the
magnetic field.

The composition of the superconductive material, non-

superconductive material and other materials of the present
invention is not restricted to the values given above. Actu-

ally, the composition of these oxides includes some degree
of indefinite features, and the percentage of the components
deviates in the range from ten and several percent to fifty
percent. Therefore, even though the composition of the
materials of the present invention differs to some extent,
such materials are considered to be the same, if the crystal
structure of said materials is basically the same as that of the

materials of the present invention. FIGS. 1, 2 and 3 show

models of the crystal structure of the superconductive mate-
rials (Tl, Pb, Bi)(Sr, Ba),CaCu,0,, (Tl, Pb, Bi1)(Ba,
Sr),CaCu,0,, (T1, Pb, Bi)(Ba, Sr),Ca,;Cu,0O,,) according to
the present invention. In FIGS. 1, 2 and 3, the reference

numeral 1 indicates atoms of T1, Pb or Bi; reference numeral

2 indicates atoms of Sr or Ba; reference numeral 3 indicates

atoms of Ca; reference numeral 4 indicates atoms of Cu and

reference numeral 5 indicates atoms of O.

The present invention is not limited to the examples
discussed above. The present invention includes all the
superconductors which comprise one type or more selected
from among the T, Pb and Bi, one type or more of the Ba
and Sr, and Ca, Cu and O manufactured by heating at least
once up to the temperature range where the liquid phase
occurs, and which has an extremely high superconductive
critical current density even in the magnetic field.

The second group of embodiments of the present 1nven-
tion relate to a superconductor and a method of production

~ thereof which allows a superconductive current to fiow,
using cooling with liquid helium or liquid nitrogen, involv-

ing an oxide superconductive material.

In the second group of embodiments of the present
invention, a non-superconductive material having a crystal-
line structure preferably isostructural (hereinafter referred to
as “similar”) to that of the superconductive material, the
non-superconductive material being obtained by substituting

other elements for one or more elements of the supercon-

ductive material,into in the matnx of the oxide supercon-
ductive materials.

The material most suited for combination with the super-
conductive materials (featuring the greatest pinning force),
size of the pinning center,and dispersion status for a variety
of oxide superconductive materials has been further consid-
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ered in the second group of embodiments. When a non-
superconductive material, for which the lattice constant is
close to that of the oxide superconductive material used as
superconductive material and has the same crystalline struc-
ture (is isostructural) is used as a material to for the pinning
center, 1t has been found possible to manufacture a super-
conductor featuring a very strong pinning force, that is, with
a high superconductive critical current density “J¢’’ even in
a magnetic field.

Furthermore, if the superconductor 18 manufactured so as
to include a metal which does not react significantly with
these materials at the temperature at which the supercon-

ductors are manufactured, in addition to the superconductive
material and the non-superconductive material, this will
facilitate the process of manufacturing the superconductor
with a high value of “Jc” in a magnetic field. The metal part
should preferably be dispersed uniformly; the volume rate
should be 50 percent or less, preferably 20 percent.

When current is applied to a superconductor using oxide
superconductive material of a polycrystalline nature, the
superconductive critical current density (Jc) of the super-
conductor juncture at the grain boundary 1s generally lower
than that of the superconductive state within the crystalline
grain; thus, presence of a non-superconductive material
within the crystalline grain i1s more effective than presence
on the grain boundary of the superconductive material in
order to ensure high Jc¢ of the superconductor.

Consideration has been given to a technique which
increases the Jc value in the magnetic field of the supercon-
ductor using the oxide superconductive material. Studies
have been made of Y—BA—Cu—O, Bi—Sr—Ca—Cu—
O, Tl—Ba—Ca—Cu—0, T]l—Sr—Ca—Cu—0, Pb—Sr
Ca—Cu—O and almost all the oxide superconductive mate-
rials considered to be derived therefrom. As a result, in order
to obtain a superconductor which can be expected to provide
higher Jc value, the following six combinations are
extremely effective:

(1) a combination of the oxide superconductive material
(11, _,,.,,Pb,Bi,)Sr,CaCu,0,, ., (where 0=X1<0.8,
0=X2<0.5, 0<X1+X2<1, -0.5<X3<0.5) and pinning
centers formed by non-superconductive material hav-
ing the crystalline structure similar fo that of said
superconductive material, obtained by substituting
other elements for one or more elements constituting
the superconductive - material (Tl ;.
x2Pb B1_,)Sr,L.nCu,0,,  , (where Ln is yttrium or one
or more of the elements selected from the rare earth
elements, -0.5<X4<0.5) or (Tl ;.
x2Pb,,B1,,)L.n,CaCu,0,, ., (where Ln is yttrium or
one or more of the elements selected from the rare earth
elements, —0.5<X4<0.5),

(2) a combination of the oxide superconductive material
(T1,_,,.,Pb,B1,,)Sr,Ca,Cu,0q, .5 (Where 0=X1<0.8,
0=X2<0.5, 0<X1+X2<1, —0.5<X3<0.5) and pinning
centers formed by a non-superconductive material hav-
ing a crystalline structure similar to that of the super-
conductive material, obtained by substituting other
clements for one or more elements constituting the
superconductive material (T1,_,,.-
x2Pb,B1,,)Sr,L.nCaCu,0,, ., (where Ln is yttrium or
one or more of the elements selected from the rare earth
elements, —0.5<X4<0.5) or (Tl, ..
x2Pb,,Bi,,)LnSrCa,Cu,0,, ., (where Ln is yttrium or
one or more of the elements selected from the rare earth
elements, —0.5<X4<0.5),

(3) a combination of the oxide superconductive material
(Tl _,1.2Pb,:B1.5)8r,Ca;Cu,044, 4 (where
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12
0=X1<0.8, 0=X2<0.5, 0<X14+X2<1, —0.5<X3<0.5)
and pinning centers formed by non-superconductive
material having a crystalline structure similar to that of
the superconductive material, obtained by substituting
other elements for one or more elements constituting
the superconductive material (Tl,_,,.
x2Pb.,B1,,)51r,L.nCa,Cu,0,,, ., (where Ln is yttrium or
one or more of the elements selected from the rare earth
elements, —0.5<X4<0.5) or (T, ;.
2Pb_,Bi ,)L.nSrCa,Cu,0,,. 4, (Where Ln is yttrium or

one or more of the elements selected from the rare earth
elements, —0.5<X4<(.5),

(4) a combination of the oxide superconductive material
and a non-superconductive material corresponding to
case (1) above, but with some of the atoms of Sr of the
non-superconductive material replaced by Ba,

(5) a combination of the oxide superconductive material
and a non-superconductive material corresponding to
case (2) above, but with some of the atoms of Sr of the
non-superconductive material replaced by Ba, and

(6) a combination of the oxide superconductive material
and a non-superconductive material corresponding to
case (3) above, but with some of the atoms of Sr of the
non-superconductive material replaced by Ba. A super-
conductor without element Bi present is preferred in
this case in order to facilitate the manufacture process.

When considering the percentage of Tl and Pb contained

therein, matching between the superconductive material and
non-superconductive material appears to be the most effec-
tive when the X1 value is 0.3 to 0.8; a higher Jc value is then
obtained. The superconductive critical current density of the
superconductors manufactured for the six cases above were
measured at a temperature of 77 K. in a magnetic field of 1
tesla. The Jc values obtained were 5000 A/cm? in all cases.
Next, the following combination was considered;

(7) A combination of the oxide superconductive material
(Cu,_,,Pb,)8r,CaCu,0,,,, (where 0=X1=0.9,
—0.5<X2<0.5) and pinning centers formed by non-
superconductive material having a crystalline structure
similar to that of the superconductive matenal,
obtained by substituting other elements for one or more
clements constituting the superconductive material
(Cu,_,,Pb,.)Sr,LnCu,0.. ., (where 0=X1<0.9,
—0.5<X2<0.5, Ln is yttrium or one or more of the
elements selected from the rare earth elements) or
(Cu,_,Pb )STLnCaCu,0,,,, (where 0=X1<0.9,
—0.5>X2=0.5, Ln is yttrium or one or more of the
clements selected from the rare earth elements), and it
has been found that these combinations produced
hgher Jc values. A manufactured superconductor was
placed in a magnetic field of 1 tesla at a temperature of
77 K. to measure the the superconductive critical
current density, and the result of that measurment was
approximately 3000 to 4000 A/cm?.

When another superconductive material is used as the

oxide superconductive material, for example:

(8) a combination of the oxide superconductive material
T11,Ba,Ca,Cu;0,,,, (where —0.5<X<0.5), and pinning
centers formed by a non-superconductive material hav-
ing a crystalline structure similar to that of the super-
conductive material, obtained by substituting other
clements for one or more elements constituting the
superconductive  material  Tl,Ba,Cal.nCu,0,,,,
(where —0.5<X<0.5, Ln is yttrium or one or more of the
elements selected from the rare earth elements,

0.5<X<0.5),
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~ (9) a combination of the oxide supereonducuve material
BlzsrCaZCuaolmI (where —0.5<X<0.5), and pinning
centers formed by a non-superconductive material hav-
ing a crystalline structure similar to that of the super-
conductive material, obtained by substituting other
elements for one or more elements constituting the

_superconduetwe material B128r2CaLnCu3 104, (Where
0.5<X<0.5, Ln is yttrium or one or more of the ele-
ments selected from the rare earth elements),

(10) a combmatlon of the oxide supereonduetwe material
T BaZCaCuZOBﬂ. (where —0.5<X<0.5), and pinning
“centers formed of a non-superconductive material hav-
ing a crystalline structure similar to that of the super-
conductive material, obtained by substltutmg other
elements for one or more elements constituting the
~ superconductive material Tl,Ba,LnCu,Og4,, (where
0.5<X<0.5, Ln is yttrium or one or more of the ele-
ments selected from the rare earth elements), or

(1 1) a combination of the oxide superconductive material
 Bi,Sr,CaCu,04,, (where —0.5<X<0.5), and pinning
~ centers formed by a non-superconductive material hav-
ing a crystallme structure similar to that of the super-
conductive material, obtained by substituting other
elements for one or more elements constituting the
- superconductive material Bi,Sr,LnCu,O4,, (where
—0.5<X<0.5, Ln is yttrium or one or more of the
elements selected from the rare earth elements).
In these cases, higher Jc values have been obtained. A
_manufaetured superconductor was placed in a magnetic field

~ of 1 tesla at a temperature of 77 K. to measure the the
~ superconductive critical current density, and the results of

those measurements were approxlmately 1000 to 2000

"'_"A/em

The supereonduetwe crltlcal current temperature was the

o highest for case (8); however, a hlgher Jc value in a magnetic

| | field was exhibited in cases (1) to (7), for which the critical
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~ temperature is lower. This is believed to be due to the

 difference of the crystallme structures between supercon-
- ductive materials of cases (1) to (7) and those of cases (8) to
" (11). The supereonduehve materials of cases (8) to (11) have

a crystalline structures in Wthh two planes of TI—O or

- Bi—O overlap, those of cases (1) to (7) have crystalline

- structures which include only one of the planes T1—O,

. (T1,B1)—0O, (TI. Pb)——O and (T1,Pb,B1)—0. Because of such
difference of crystalline structures, matching difference

~ occurs between the superconductive material and non-su-
- perconductive material constituting - the superconductor

~ which causes a difference in the pinning force, which, in
- turn, causes a difference in the Jc values in the magnetic

* field. Thus, itis pos:uble to consider that the superconductors

o havmg a Jc value in the magnetic field can be obtained by

- using supereonduehve materials having the same crystalline
- structures as those of superconductors from cases (1) to (7)

~ and by use of the same structure for the superconductor as
. __that of the prevent invention.

~ As has previously been mentioned, when manufacturing
| _the superconductors, it is -desirable to include the step of
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-allowing the. superconductors to reach a temperature range

~in which the liquid phase will be generated at least once, in
~ order to disperse the pinning centers uniformly. To remove
- harmful materials from the crystal grain boundaries of the
- superconductive material and non-superconductive material,
it is desirable to include a process  which, at least once,
~ provides heat treatment within the range from a temperature

- equal to or greater than a temperature 50 degrees lower than

- .the temperature at which the liquid phase begins to be

- generated, to a temperature equal to or smaller than the
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temperature at which all components turn into the liquid
phase. |

The Jc value in a magnetic field may be further improved
by separating the non-superconductive material acting as
pinning centers inside the superconductor. The material to be
used for this purpose is required to be a non-superconductive
material which, in the manufacture process, does not react
with the oxide superconductive material constituting the
superconductor and the non-superconductive material hav-
ing a crystalline structure similar to that of the supercon-
ductive material and obtained by substituting the other
elements for one or more elements of the superconductive
material. Any material meeting this requirement can func-
tion as a pinning center. However, the pinning force differs
according to the phase between the oxide superconductive
material used and the non-superconductive material. Many
non-superconductive material (non-superconductive materi-
als (G)) have been introduced into the metric of the oxide
superconductive material, and the non-superconductive
material (A) having a crystalline structure similar to that of
the superconductive material obtained by substituting other
elements for one or more elements of the introduced super-
conductive material into the superconductive material, in an
effort to find out what kind of non-superconductive material
is most suited as a material to form pinning centers. As a
result, it has been found that the oxide superconductive
material, or the material consisting only of the elements
which constitutes the non-superconductive material is the
most effective as a non-superconductive material (non-
superconductive materials (G)). In particular, CaO, S5rO,
Ca,CuQO,, Casz04, BaPbO, and BiBaO, have been found

- effective.

The best way of introducing these non-superconductive
materials (non-superconductive materials (G)) into the
superconductor is a manufacturing process (see FIG. 1) in
which oxide superconductive material particles or particles
of the superconductor (superconductor (B)) of the oxide
superconductive material and non-superconductive material
(having a crystalline structure similar to that of the super-
conductive material obtained by substituting other elements
for one or more elements constituting the superconductive
material), and particles of the non-superconductive matertal
(G) are allowed to coexist; then the crystal grains of the
oxide superconductive material or the superconductor (B)
are caused to grow to large sizes, thereby allowing the
non-superconductive material (G) to exist inside the crystal
grains of the oxide conductive matenal.

It is also possible, for example, to heat the superconductor
containing Tl, sPb, sSr,Ca,Cu,0, to a temperature of about
900° C., causing the following decomposition:

T, sPbg sSr,Ca,Cuy 04— T, sPbg s512Ca,0,+Ca0+CuO

Due to this decomposition process, the non-superconductive

- material is made to separate into crystal grains of the
superconductor and to form pinning centers, thereby

improving the Jc value in a magnetic field.

It has been mentioned above that the present invention
permits a high Jc value to be obtained in a magnetic field. It
has been found that a superconductor according to the
present invention exhibits a significantly smaller reduction

in Jc with increasing magnetic field, as compared to known

superconductors. The value of Jc at 77 K. 1n a field of 1T
scarcely differs from that at 77 K. in a field of 5T. The rate
of decrease has been found to be 10% or less.

When manufacturing a superconductor according to the
present invention, it is possible to obtain a superconductor
featuring excellent properties with improved bondage
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between the crystal grains, by heat-treating the said oxide
superconductive material and non-superconductive material
(A) after making them amorphous and by crystallizing them,
thereby manufacturing the superconductor. To make them
amorphous, an abrupt cooling method (to cool the these
materials abruptly from the liquid phase), spattering method,
laser deposition method, deposition method, thermal spray-
ing method, chemical vapor phase deposition, etc. may be
used with successiul results, as has previously been men-
tioned.

One of the products in which a superconductor according
to the present invention may be used 1s a superconductive
wire. The most general configuration is such that the super-
conductor is present inside a para-conductive coating. In this
case, the crystal axes of the superconductor should be in the
same directions whenever possible. This is because the
oxide superconductive material used in the present invention
has an anisotropic property such that superconductive cur-
rent flows more easily in the inner direction of the surface
a-b, but does not flow so easily in other directions. Thus, the
crystals should be oriented in a uniform direction in order to
allow more superconductive current to flow. When manu-
facturing these superconductive wires, the superconductive
particles should be sufficiently bonded together. This
requires the heating temperature of 600° C. or more. How-
ever, the superconductive material will decompose at the
high temperature of 1300° C. or more, so lower temperatures
must be employed.

In a superconductor of the present invention, a non-
superconductive material having a crystalline structure simi-
lar to that of the superconductive material, obtained by
substifuting other elements for one or more elements con-
stituting the superconductive material may thus be present,
to act as pinning centers in the matrix of the superconductive
materials. This ensures a deflection-free boundary between
the superconductor and the pinning centers, with excellent
matching properties, thereby providing the superconductor
with great pinning force.

In the manufacturing method of a superconductor accord-
ing to the present invention, heat treatment may be per-
formed with the liquid phase coexisting. Coexistence of the
liquid phase increases the speed of atomic dispersion, result-
ing in improved crystal properties of the materials consti-
tuting the superconductor and in better bondage between the
crystal grains. |

DETAILED DESCRIPTION OF EMBODIMENTS

The first group of embodiments of the present invention
relate to

(1) the composition of a superconductor which allows a
superconductive current to flow, using liquid helium or
liquid nitrogen cooling, by the use of oxide supercon-
ductive material liquid nitrogen, |

(1) a superconductive wire, superconductive coil and
magnetic shielded material using such a composition,
and

(111) a method of manufacturing of such a composition,

wire etc.

In this first group of embodiments of the present inven-
tion, the advantages sought depend on the composition of
the superconductor, and the production method normally
involves

(1) causing a superconductor comprising the supercon-
ductive material consisting of at least T1, Sr, Ca, Cu and
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where liquid phase is once created , thereby improving
the bondage among the crystal grains comprising the
superconductive material, and

(2) optionally, dispersing non-superconductive material
or less superconductive material inside and outside the
crystal grains of the superconductive material.

‘Embodiments belonging to the first group of embodi-

ments of the present invention will now be described:

Embodiment 1

As the starting materials, T1,0;, PbO, BaO, SrO, CaO,
CuO with a purity of 99 percent or more were used. Firstly,
the BaO, SrO, Ca0 and CuO were mixed so that the atomic
ratio of the Ba:Sr:Ca:Cu would be 1.6:0.4:1:2 and was
sintered 1n the atmosphere for twenty hours at the tempera-
ture of 900° C. This powder was crushed in an agate mortar,
and the resulting powder was mixed with the T1,0, and
PbQO, so that the atomic ratio of the T1:Pb:Ba:Sr:Ca:Cu was
0.5:0.5:1.6:0.4:1:2. When the powder was mixed sufficiently
in the agate mortar, it was pressurized and molded into the
form of a disk 20 mm in diameter and 2 mm in thickness,
and was placed in an alumina crucible with a cover. Then,
it was heat-treated in the atmosphere for five hours at a
temperature of 900° C. The resulting sintered material was
subjected to X-ray diffractometry for powder and the result
was analyzed by the Riedweld method, to confirm that the
superconductive material having the crystal structure shown
in FIG. 1 was present with a percentage of at least 90%.

This sintered material was heated in the atmosphere to
970° C. at a heating speed of 30 degrees per minute and was
maintained under that condition for one hour. Then it was
cooled down to 880° C. at a cooling speed of 30 degrees per
minute, and was maintained under that condition for fifty
hours. The superconductive critical temperature was mea-
sured by the d.c. four-terminal method, and it was confirmed
that the electric resistance reached zero at 92 K. A VSM was
used to measure the B-H curve of this specimen at 77 K., and
the superconductive critical current density Jc flowing inside
the crystal grains was determined, based on the size of the
hysteresis. The result was that the Jc value was 25000 A/cm?
when the applied magnetic ficld was 1 tesla.

Next, this specimen was crushed and a golden pipe with
an outer diameter of 6 mm and an inner diameter of 4 mm
was filled with the powder. It was then rolled to a thickness
of 0.1 mm after being drawn up to an outer diameter of 0.5
mm. This was cut off into a specimen of 30 mm, which was
heated to a temperature of 970° C. in an oxygen atmosphere
at a heating speed of 30 degrees per minute, at which
temperature it was maintained for one hour. Then it was
cooled down to 830° C. at a cooling speed of 30 degrees per
minute, at which temperature it was maintained for ten
hours. After that, the superconductive critical temperature of
this specimen was measured by the d.c. four-terminal

method at 77 K. in a magnetic field of one tesla, and the Jc
value was found to be 19000 A/cm?.

Embodiment 2

As the starting materials, T1,0,, PbO, BaO, SrO, CaO,
CuO with a purity of 99 percent or more were used. Firstly,
the BaO, SrQ, Ca0 and CuO were mixed so that the atomic
ratio of the Ba:Sr:Ca:Cu was 1.6:0.4:2:3 and the mixture
was sintered in the atmosphere for twenty hours at a tem-
perature of 870° C. This powder was crushed in an agate

mortar, and the resulting powder was mixed with the T1,0,
and PbQO so that the atomic ratio of the T1:Pb:Ba:Sr:Ca:Cu
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‘was 0.5:0.5:1.6:0.4:2:3. When the powder was mixed suf-

~ficiently in the agate mortar, it was pressurized and molded
- into the form of a disk form of 20 mm in diameter and 2 mm
~ in thickness, and was placed in an alumina crucible with a

~ cover, to be heat-treated in the atmosphere for five hours at

 the temperature of 880° C. The resulting sintered material

- was subjected to X-ray diffractometry for powder and the

. result was analyzed by the Rietveld method, to confirm that
" the supercenductwe material having the crystal structure

~ shown in FIG. 2 was present w1th a percentage of at least
Thls sintered matenal was heated in the atmosphere to
970“ C. at a heating speed of 30 degrees per minute and was

IS maintained under that condition for one.hour. Then it was

cooled down to 880° C. at a cooling speed of 30 degrees per
~ minute, and was maintained under that condition for fifty

- hours. The superconductive critical temperature was mea-
~ sured by the d.c. four-terminal method, and it was confirmed

- . - that the electric resistance reached zero at 92 K. AVSM was
- used to measure the B-H curve of this specimen at 77 K., and

~ .the superconduetwe critical current density Jc flowing 1n31de
- the crystal grains was measured, based on the size of the

~ hysteresis. The result was that the Jc value was 55000 A/cm?®
o when the applied magnetic field was 1 tesla

- Next, this specimen was crushed and a gelden pipe with

 an outer diameter of 6 mm and an inner diameter of 4 mm

‘was filled with the powder. It was then rolled to a thickness

of 0.1 mm after being drawn up to the outer diameter of 0.5
. mm. This was cut off into a specimen : of 30 mm, which was

heated to the temperature of 970° C. in an oxygen atmo-

: ‘sphere at a heating speed of 30 degrees per minute, at which

temperature it was maintained for one hour. Then it was
- cooled down to 880° C. at a cooling speed of 30 degrees per

~ method at 77 K. in a magnetic field of one tesla, and the Jc

- _;?.'-value was found to be. 28000 A/cm

A specimen of this superconductlve wire was ground at

~ sections, and a scanner type electronic microscope was used

" to observed the structure within the specimen. The gray

- portion of said structure was analyzcd by EDX, showing that

- this portion was composed of TLPb:Ba:Sr:Ca:Cu=
- 0.46:0.53:1.6:0.4:1.5:2.6. This portmn is known to be com-

. posed of the coexisting Tl, sPbg sBa, 815 4CaCu,0, and

Tl, sPby sBa, ¢Sry 4Ca,Cuy0O,. The white portion contains

" only Ba and Pb, and is considered to be BaPbO,. The black
o portlon was analyzed by the EDX, showing that this portion
. -0.04:0. 03.0.1.0.6.1.8.1.0. me this, it can been seen that the
. crystal grains of the supereonductlve material having the

~ crystal structure shown in FIG. 1 and FIG. 2 and the different

- non-superconductive material composed of the elements
. constituting the supereonductor are separated in the super— |

composed ~  of T1:Pb:Ba:Sr:Ca:Cu=

 conductor accordlng to the present Embodiment.
The specimen was then pressurized and melded to a

. -_tluckness of 0.06 mm. It was heated to the temperature of
- 970° C. in an oxygen atmosphere at a heating speed of 30

~ degrees per minute, at which temperature it was maintained
~ for one hour. Then it was cooled down to 880° C. at a

' 'ceelmg speed of 30 degrees per minute, at which tempera-

~ture it was maintained for ten hours. The superconductive
. portion of the specimen thus obtained was subjected to
- X-ray d1ﬂ’ractometty for powder, to check the orientation of

~ the crystal grains. The result revealed that the crystal faces

_a-b of over fifty percent of the total crystal particles were
l:-arranged SO as to be parallel to the tape face of the tape-

10

15

20

25

30

" minute, at which temperature it was maintained for ten
 hours. After that, the superconductive critical temperature of
~'this specimen was measured by the d.c. four-terminal

35

45

50

55

65

18

formed wire material. A scanner type electronic microscope
was used to check the tape sections, and this showed that

only five of the crystal grains, or less, were arranged in the
direction of thickness.

Embodiment' 3

As the starting materals, T1,0,, PbO, BaO, SrO, CaQ,
CuO with a purity of 99 percent or more were used. Firstly,
the Ba0, SrO, Ca0 and CuQ were mixed so that the atomic
ratio of the Ba:Sr:Ca:Cu was 1.6:0.4:3:4 and the mixture
was sintered in the atmosphere for twenty hours at the
ternperature of 870° C. This powder was crushed in an agate

mortar, and resulting powder was mixed with the 11,0, and

PbO so that the atomic ratio of the T1:Pb:Ba:Sr:Ca:Cu was
0.5:0.5:1.6:0.4:3:4. When the powder was mixed sufficiently
in the agate mortar, it was pressurized and molded into the

form of a disk 20 mm in diameter and 2 mm in thickness,
and was placed in an alumina crucible with a cover, to be
heat-treated in the atmosphere for five hours at a temperature
of 880° C. The resulting sintered matenal was subjected to
X-ray diffractometry for powder and the result was analyzed
by the Rietveld method, to confirm that the superconductive
material having the crystal structure shown in FIG. 3 was
present with a percentage of at least 90%.

This sintered material was heated in the atmosphere to
970° C. at a heating speed of 30 degrees per minute and was
maintained under that condition for one hour. Then it was
cooled down to 880° C. at a cooling speed of 30 degrees per
minute, and was maintained under that condition for fifty
hours. The superconductive critical temperature was mea-
sured by the d.c. four-terminal method, and it was confirmed
that the electric resistance reached zero at 92 K. A VSM was

used to measure the B-H curve of this specimen at 110 K.,

and the superconductive critical current density Jc flowing
inside the crystal grains was determined, based on the size
of the hysteresis. The result was that the Jc value was found
to be 45000 A/cm” when the applied magnetic field was 1

tesla.

~ Next, this specimen was crushed and a golden pipe with
an outer diameter of 6 mm and an inner diameter of 4 mm

‘was filled with the powder. It was then rolled to a thickness

of 0.1 mm after being drawn up to the outer diameter of 0.5
mm. This was cut off into a specimen of 30 mm, which was
heated to the temperature of 970° C. in an oxygen atmo-
sphere at a heating speed of 30 degrees per minute, at which
temperature it was maintained for one hour. Then it was

- cooled down to 880° C. at a cooling speed of 30 degrees per

minute, at which temperature it was maintained for ten

“hours. After that, the superconductive critical temperature of

this specimen was measured by the d.c. four-terminal
method at 77 K. in a magnetic field of one tesla, and the Jc
value was found to be 21000 A/cm?,

A specimen of this superconductive wire was ground at

sections, and a scanner type electronic microscope was used
to observed the structure within the specimen. About eighty
percent of the entire area was composed of a mixture of
Tl, sPbg sBa; (St 4CaCu,0,,
Tl, sPb, <Ba; (51, 4La,Cu,04 and
Tl, <Pb, Ba, (S1, ,Ca,Cu,0,,. About ten percent was com-
posed of BaPbQO, and another ten percent was composed of
Sr—Ca——Cu—O.

Embo-diment 4

As the starting materials, T1,0,, PbO, BaO, SrO, CaO,
CuO with a purity of 99 percent or more were used. Firstly,
the BaO, SrQ, Ca0 and CuO were mixed so that the atomic
ratio of the Ba:Sr:Ca:Cu was 1.6:0.4:2:3 and the mixture
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was sintered in the atmosphere for twenty hours at a tem-
perature of 870° C. This powder was crushed in an agate
mortar, and resulting powder was mixed with the T1,0, and
PbO so that the atomic ratio of the Tl:Pb:Ba:Sr:Ca:Cu was
0.5:0.5:1.6:0.4:2:3. When the powder was mixed sufficiently
in the agate mortar, it was pressurized and molded into the
form of a disk with a diameter of 20 mm and a thickness of
2 mm, and was placed in an alumina crucible with a cover,
to be heat-treated 1n the atmosphere for five hours at the
temperature of 880° C. The resulting sintered material was
subjected to X-ray diffractometry for powder, and it was
confirmed that a superconductive material having the crystal
structure shown in FIG. 2 was present with a percentage of
at least 90%.

This sintered material was heated in the atmosphere to
980° C. at a heating speed of 30 degrees per minute and was
maintained under that condition for one hour. Then it was
cooled down to 880° (. at a cooling speed of 10 degrees per
minute, and was maintained under that condition for fifty
hours. The superconductive critical temperature was mea-
sured by the d.c. four-terminal method, and it was confirmed
that the electric resistance reached zero at 115 K. A VSM
was used to measure the B-H curve of this specimen at 77
K., and the superconductive critical current density Jc flow-
ing inside the crystal grains was determined, based on the
size of the hysteresis. The result was that the Jc value was
found to be 52000 A/cm? when the applied magnetic field
was 1 tesla. |

Next, this specimen was crushed and was mixed with one
tenth of powdered CaO in terms of volume ratio. The
resulting powder was placed 1n an alumina crucible with a
cover, to be heat-treated in the atmosphere for five hours to
a temperature of 980° C. at a heating speed of 30 degrees per
minute, at which temperature it was maintained for one hour.
Then it was cooled down to 880° C. at a cooling speed of 10
degrees per minute, at which temperature it was maintained
for fifty hours. After that, the superconductive critical tem-
perature of this specimen was measured by the d.c. four-
terminal method and it was confirmed that the electric
resistance reached zero at 115 K. A VSM was used to
measure the B-H curve of this specimen at 77 K., and the
superconductive critical current density J¢ flowing inside the
crystal grains was determined, based on the size of the
hysteresis. The result was that the Jc value was found to be
67000 A/cm” when the applied magnetic field was 1 tesla.
This thus revealed that the CaO particles acted as effective
pinning centers.

Next, this specimen was crushed and a golden pipe of 6
mm outer diameter and 4 mm inner diameter was filled with
the powder. It was then rolled to a thickness of 0.1 mm after
being drawn up to the outer diameter of 0.5 mm. This was
cut off into a specimen of 30 mm, which was sintered at the
temperature of 1050° C. in the atmosphere for ten minutes.
Then 1t was cooled down to 880° C., at which temperature
it was sintered for five hours. After that, the superconductive
critical temperature of this specimen was measured by the
d.c. four-terminal method at 77 K. in a magnetic field of one
tesla, and the Jc value was found to be 45000 A/cm”.

Embodiment 5

Sr0) was used instead of CaO 1in Embodiment 4, and a
wire specimen was manufactured using the same procedure
as for Embodiment 4. The superconductive critical tempera-
ture of this specimen was measured by the d.c. four-terminal
method at 77 K. in a magnetic field of one tesla, and the Jc

value was found to be 35000 A/cm?.
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Embodiment 6

Ca,Cu0; was used instead of Ca0O in Embodiment 4, and
a wire specimen was manufactured using the same proce-
dure as for Embodiment 4. The superconductive critical
temperature of this specimen was measured by the d.c.
four-terminal method at 77 K. in a magnetic field of one

tesla, and the Jc value was found to be 46000 A/cm?.

Embodiment 7/

Ca,PbO, was used instead of Ca0O in Embodiment 4, and
a wire specimen was manufactured using the same proce-
dure as for Embodiment 4. The superconductive critical
temperature of this specimen was measured by the d.c.
four-terminal method at 77 K. in a magnetic field of one

tesla, and the Jc value was found to be 39000 A/cm?.

Embodiment &

BaPbO, was used instead of Ca0O in Embodiment 4, and
a wire specimen was manufactured using the same proce-
dure as for Embodiment 4. The superconductive critical
temperature of this specimen was measured by the d.c.

four-terminal method at 77 K. in a magnetic field of one
tesla, and the Jc value was found to be 49000 A/cm?.

Embodiment 9

BaB10; was used instead of CaO in Embodiment 4, and
a wire specimen was manufactured using the same proce-
dure as for Embodiment 4. The superconductive critical
temperature of this specimen was measured by the d.c.
four-terminal method at 77 K. in a magnetic field of one

tesla, and the Jc value was found to be 31000 A/cm?.

Embodiment 10

ZrQ., was used instead of CaO in Embodiment 4, and a
wire specimen was manufactured using the same procedure
as for Embodiment 4. The superconductive critical tempera-
ture of this specimen was measured by the d.c. four-terminal
method at 77 K. in a magnetic field of one tesla, and the Jc

value was found to be 35000 A/cm?.

Embodiment 11

Y,05 was used instead of CaO in Embodiment 4, and a
wire specimen was manufactured using the same procedure
as for Embodiment 4. The superconductive critical tempera-
ture of this specimen was measured by the d.c. four-terminal

method at 77 K. in a magnetic field of one tesla, and the Jc
value was found to be 35000 A/cm?.

Embodiment 12

The Tl, sPby s8r,59mCu, 0, was used instead of CaO in
Embodiment 4, and a wire specimen was manufactured
using the same procedure as for Embodiment 4. The super-
conductive critical temperature of this specimen was mea-
sured by the d.c. four-terminal method at 77 K. in a magnetic
field of one tesla, and the Jc value was found to be 55000
Alem?®,
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__ Embodlment 13
. As the starting rnatenals T1203, PbO, BaO Ca0 and CuO

~ with a purity of 99 percent or more were used, and a variety
-of oxide superconductive materials were produced with

- different percentages of Tl and Pb. The BaO, SrO, Ca0 and

' ~ CuO were mixed so that the atomic ratio of the Ba:Sr:Ca:Cu
~was 1.7:0.3:2:3 and the mixture was sintered in the atmo-

~ sphere for twenty hours at a temperature of 880° C. This

- powder was crushcd in an agate mortar, and resulting

~ powder was mixed with the T1,0, and PbO so that the
- atomic ratio of the TI:Pb:Ba:Sr:Ca:Cu  was
o (1-X): X:1.6:0.4:2:3, (whcrﬂ the value of X was varied to

‘produce superconductive materials with different percent-
- ages of Tl and Pb contained therein). After this was mixed

~sufficiently in the agate mortar, the powder was pressurized
- and molded into the form of a disk 20 mm in diameter and
. 2 mm in thickness, and was placed in an alumina crucible
- with a cover, to be sintered in the atmosphere for five hours

- at a temperature of 880° C. This sintered material was heated

in the atmosphere to 970° C. at a heating speed of 30 degrees

- per minute and was maintained under that condition for one

~ hour. Then it was cooled down to 880° C. at a cooling speed

~ of 10 degrees per minute, and was mamtamed under that
- condition for fifty hours. |

- The superconductwe. critical temperature was measured

by the d.c. four-terminal me,thod and the temperature “Ic”

- -at which the electric resistance reached zero was determined.

- AVSM was used to measure the B-H curve of this specimen
- -at 77 K., and the supcrconducuve critical current density

'- -,"‘Jc” flowing inside the crystal grains was determined, based

~.on the size of the hysteresm The superconductive critical

current densities “Jc” were determined. when one tesla of
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- magnetic field was. apphed and the results are shown in -

- Table 1. This Table reveals that the performance of the

- superconductors varies according to the percentage of T1 and
~ Pb contained therein, and thc value of X must be maintained
within a suitable rangc |

TABLE 1
Value of X B | Te Jc
0.1 106 29000
0.2 - 106 35000
0.3 o110 46000
0.4 115 - 53000
0.5 114 51000
0.6 117 49000
0.7 - 100 23000
0.8 95 12000
0.9 - 60 5000
1.0 —_ 0
Embodlment 14

As the startmg rnatenals T1,0,, PbO, B1203 Ba0O, CaO

o and CuO with a purity of 99 percent or more were used, and
~avariety of oxide superconductive materials were produced -

. - with different percentages of T, Pb and Bi. The BaO, SrO,

: Ca0 and CuO were mixed so that the atomic ratio of the

~ Ba:Sr:Ca:Cu was 1.5:0.5:2:3 and the mixture was sintered in
- the atmosphere for twenty hours at the temperature of 880°
~ C. This powder was crushed in an agate mortar, and the

. " resulting powder was mixed with the T1,0,, PbO and Bi,0O,
- so that the atomic ratio of the T1:Pb:Bi:Ba:Sr:Ca:Cu was
- (0.6-X):0.4:X:1.6:0.4:2:3, (where the value of X was varied

~ to produce superconductive materials of different percent-

X | ages of Tl and Bi contmned thereln) After this was mixed
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sufficiently 1n an agate mortar, the powder was pressurized
and molded into the form of a disk 20 mm in diameter and
2 mm in thickness, and was placed in an alumina crucible
with a cover, to be sintered in the atmosphere for five hours
at the temperature of 880° C. This sintered material was
heated in the atmosphere up to 970° C. at a heating speed of
30 degrees per minute and was maintained under that

condition for one hour. Then it was cooled down to 880° C.
at a cooling speed of 5 degrees per minute, and was

- maintained under that condition for twenty hours.

The superconductive critical temperature of the resulting
sintered material was measured by the d.c. four-terminal

method, and the temperature ““Ic” at which the electnc
resistance reached zero was determined. A VSM was used to
measure the B-H curve of this specimen at 77 K., and the
superconductive critical current density “J¢” flowing inside

~ the crystal grains was determined, based on the size of the

hysteresis. The superconductive critical field densities “Jc”

were determined when one tesla of magnetic field was
applied, and the results are shown in Table 2. Table 2 reveals

that the performance of the superconductor varies according
to the percentages of the Tl and Bi1 contained therein, and the

value of X must be maintained within a suitable range.

TABLE 2

Value of X Te Jc
0.0 115 42000
0.1 116 46000
0.2 113 39000
0.3 100 16000
0.4 RS 10000
0.5 74 —
0.6 61 —_

Embodiment 15

As the starting materials, T1,0;, PbO, BaO, CaO and CuO
with a purity of 99 percent or more were used, and a variety
of oxide superconductive matenals wre produced with dif-
ferent percentages of Tl and Pb. The BaO, SrO, CaQ and
CuO were mixed so that the atomic ratio of the Ba:Sr:Ca:Cu
was X:(2-X):2:3, and the mixture was sintered in the atmo-
sphere for twenty hours at a temperature of 890° C. This
powder was crushed in an agate mortar, and resulting
powder was mixed with the T1,0, and PbO so that the
atomic ratio of the TIl:Pb:Ba:Sr:Ca:Cu was 0.4:0.6:X:(2-
X):2:3, (where the value of X was vaned to produce .

superconductive materials of different percentages of the Ba

and Sr contained therein). After this was mixed sufficiently
in the agate mortar, the powder was pressurized and molded
into the form of a disk 20 mm in diameter and 2 mm in
thickness, and was placed in an alumina crucible with a
cover, to be sintered in the atmosphere for five hours at a
temperature of 890° C. This sintered material was heated in
the atmosphere up to 970° C. at a heating speed of 30
degrees per minute and was maintained under that condition
for one hour. Then it was cooled down to 890° C. at a
cooling speed of 30 degrees per minute, and was maintained
under that condition for fifty hours.

Next, this specimen was crushed and a golden pipe of 6
mm outer diameter and 4 mm inner diameter was filled with
the powder. It was then rolled to a thickness of 0.1 mm after
being drawn up to an outer diameter of 0.5 mm. This was cut
off into a specimen of 30 mm, which was heated up to the
temperature of 975° C. 1n an oxygen atmosphere and was
maintained for one hour. Then it was cooled down to 890°
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C. at a cooling speed of 30 degrees per minute, at which
temperature it was maintained for ten hours. After that, the
superconductive critical temperature of the specimen was
measured by the d.c. four-terminal method, and the tem-
perature ““Ic” at which the electric resistance reached zero
was determined. A VSM was used to measure the B-H curve
of this specimen at 77 K., and the superconductive critical
current density “J¢” flowing inside the crystal grains at 77 K.
was determined when one tesla of magnetic field was
applied, and the results are shown in Table 3. Table 3 reveals
that comparatively excellent properties can be maintained
within a wide range of percentages of Ba and Sr. Table 3 also
indicates, however, that the performance of the supercon-
ductors varies according to the percentage of X, and the

value of X must be maintained within a suitable range.
TABLE 3
Value of X Tc Ic
0.0 116 11000
0.1 115 29000
0.2 117 35000
0.3 114 46000
0.4 116 53000
0.5 115 51000
0.6 115 59000
0.7 104 52000
0.8 118 46000
0.9 117 45000
1.0 116 43000
1.1 118 31000
1.2 117 10000
1.3 111 12000

Embodiment 16

FIG. 6 represents the composition of superconductive
wire according to some embodiments of the present inven-
tion. The product shown in FIG. 6 comprises a supercon-
ductor 18 coated with a coating material 17 of an alloy of
gold and 5-percentage-by-weight palladium, having a fiat
shape. The coating material 17 may be made of any metal so
long as it does not react significantly with the superconduc-
tor; gold, silver, palladium, copper/aluminum alloys and
nickel are preferred.

The sintered specimen of the superconductor produced 1n
Embodiment 15 was crushed, put into a pipe of an alloy of
gold and 5 weight percent of palladium, the pipe being 100
mm in length, 6 mm 1n outer diameter and 5 mm in inner
diameter. Then the pipe was sealed. It was then drawn to an
outer diameter of 1 mm by a draw-bench, and the wire thus
produced was further rolled by a cold rolling machine to
obtain a wire with a flat sectional structure having a width
of 3 mm and thickness of 0.2 mm. The wire was cut to a
length of 250 m, and was placed and kept 1n an atmosphere
of 950° C. After part of the wire was molten therein, it was
placed into liquid nitrogen to be quenched. After that, the
wire was heat-treated at 880° C. for twenty hours. The
critical current density of the specimen was measured by the
d.c. four-terminal method at 77 K. in a magnetic field of one
tesla, with the result being a value of 11000 A/cm®. An
electronic microscope was used to observe the orientation of
the superconductive crystals, and this revealed that approxi-
mately fifty percent of the crystals had their C-axis facing in
the thickness direction. -

The second group of embodiments of the present Inven-
tion relate to a superconductor and a method of production
thereof which allows a superconductive current to flow,
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using cooling with liquid helium or liquid nitrogen, involv-
ing an oxide superconductive material.

In the second group of embodiments of the present
invention, a non-superconductive material having a crystal-
line structure isostructural (hereinafter referred to as “‘simi-
lar”’) to that of the superconductive material, the non-
superconductive material being obtained by substituting
other elements for one or more clements of the supercon-
ductive material,into in the matrix of the oxide supercon-
ductive materials.

Embodiment 17

As the starting materials, T1,0;, PbO, SrO, Ca0O, CuO,
and Sm,0O, with a purity of 99 percent or more were used.
First, the SrQ, Ca0, CuO was mixed so that the atomic ratio
of the Sr:Ca:Cu was 2:1:2 and was heat-treated in atmo-
sphere for twenty hours at the temperature of 900° C. This
powder was crushed in an agate mortar, and the resulting

powder was mixed with the Ti,0; and PbO so that the

atomic ratio of the T1:Pb:Sr:Ca:Cu was 0.5:0.5:2:1:2. When
the powder was mixed sufficiently in the agate mortar, 1t was
pressurized and molded into the form of a disk 20 mm 1in
diameter and 2 mm in thickness, and was placed 1n an
alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 300° C. The
resulting sintered material was subjected to X-ray difirac-
tometry for powder, and the result was analyzed by the
Riedweld method, to confirm that the superconductive mate-
rial having the crystal structure as shown in FIG. 1 was
present with a percentage of at least 90%.

The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method, and
it was confirmed that the electric resistance reached zero at
05 K. A VSM was used to measure the B-H curve of this
sintered specimen at 77 K., and the superconductive critical
current density Jc flowing inside the crystal grains of
(Tl, sPb, 5)Sr,CaCu,0- constituting the sintered material,
based on the size of the hysteresis. The result was that the Jc
value was 900 A/cm” when the applied magnetic field was
1 tesla.

Next, Sm was substituted for atoms of Ca in the oxide
superconductive matenal (Tl, sPb, 5)Sr,CaCu,O, to form a
non-superconductive material (Tl, JPb, 5)Sr,SmCu,0, .
The SrO, Sm,0, and CuO were mixed so that the atomic
ratio of Sr:Sm:Cu was 2:1:2, and were heat-treated at 900°
C. for twenty hours in the atmosphere. This powder was
crushed in an agate mortar, and resulting powder was mixed
with the T1,0, and PbO so that the atomic ratio of the
T1:Pb:Sr:Sm:Cu was 0.5:0.5:2:1:2. When the powder was
mixed sufficiently in the agate mortar, it was pressurized and
molded into the form of a disk 20 mm in diameter and 2 mm
in thickness, and was placed in an alumina crucible with a
cover, to be heat-treated in the atmosphere for five hours at
the temperature of 900° C. The resulting sintered material
was subjected to X-ray diffractometry for powder, and the
result was analyzed by the Riedweld method, to confirm that
superconductive material having the crystal structure shown
in FIG. 1 was present with a percentage of at least 90%. The
clectric resistance of this sintered material was measured by
the d.c. four-terminal method while changing the tempera-
ture. The electric resistance was about 10% (10 raised to
second power) ohms.cm at about 300 K., with the tempera-
ture dependency being that of a semiconductor. The mea-
surement was continued up to 4.2 K. without attaining
superconductivity within that range.




- field can be manufactured by comblmng non-superconduc-
~tive material having the same crystalhnc structure as the

- Next, powder ( Tlo Pb, S)SrZCaCuZO.-,- and powder

_(Tlo sPbo, 5)SrgsmCu207 crushed in the agate mortar were
- mixed

: ~so that the molar ratio between (
- Tl sPby 5)Sr,CaCu,0, and (Tly sPby 5)Sr,SmCu,0, was

- oo They were sufficiently mixed in the agate mortar. They 5

were then pressurized and molded into the form of a disk 20

. ~ mm in diameter and 2 mm in thickness, and were placed In

an alumina crucible with a cover, to be heat-treated in the

~ atmosphere for five hours at the temperature of 900° C. The
- resulting sintered material was analyzed by X-ray diffrac- 10
- tometry for powder to confirm that (Tl, sPbg 5)Sr,CaCu,0O,;
- and (T1, sPb, 5)S1,SmCu,0, were present, with very small
- amounts of other materials. The supcrconductwe critical
~temperature of this sintered material was measured by the

d.c. four-terminal method, and it was confirmed that the 15

- “electric resistance reached zero at 95 K. A VSM was used to
 measure the B-H curve of this sintered specimen at 77 K.

o FIG. 4 shows this result. The superconductive critical cur-

L rent density Jc flowing inside the: crystal grains of

(T, sPbg 5 )Sr,CaCu,O, constltutmg the sintered material 20

- was determined, based on the size of the hysteresm The

. result was that the Jc value was 12000 A/cm® when the

~ applied magnetic field was 1 tesla. This shows that the
o (Tlo_stn_s)SIZSnlcuzO serves as a very effective pinning
- center

o for  the 0x1de material 25
Next th13 sintered matenal was again crushed and a

- golden pipe of 6 mm outer diameter and 4 mm inner

| supcrconductwe

- diameter was filled with the powder. It was then rolled to a

~ thickness of 0.1 ‘mm after being drawn up to the outer 30
diameter of 0.5 mm. This was cut off into a specimen of 30

e mm, which was heat—treated at the temperature of 950° C. 1n

~ the atmosphere for ten hours The superconductive critical
. temperature of this specimen was measured by the d.c.
- four-terminal method in the magnetic field of 1 teslaat 77 K. 33

o _and the Jc value was found to be 1000 A/cm?.

~ Aspecimen of this superconducﬂve wire was ground at

sections, and a scanner type electron uucroscope was used
" to observed the structure within the specimen. It was found
~out that there were two types of areas inside; white areas and

~ black areas. A white area was analyzed by EDX, which
“showed that this portion was composed of TI:Pb:Sr-

:Ca:Sm:Cu= 0.46:0. 53:1.9:0.3:0.8:2.0. Considering that the

: fenergy of the electron beam of the scanner type electronic

‘microscope extended in the order of several microns, this *°

 white portion can be considered to be the non-superconduc-

“tive material having the crystalline structure shown in FIG.

L 1 without Ca. On the other hand, the black portion was

'analyzed by the EDX ‘which showed that the this portion
~was -~ composed ~of = Ti:Pb:Sr:Ca:Sm:Cu= 0.43:0.49 30
©1.9:1.0:0.0:2.0. This dark part can be considered to be the

. superconductive material having the crystalline structure
~shown in FIG. 1 without Sm. From this, it can been seen that

the superconductor having a high Jc value in the magnetic o

- superconductive material as shown in FIG. 1 with the.
- -superconductive matenal havmg the same crystallmc struc-

- ture.
o 60

Embodlment 18
As the startmg malenals T1203, PbO SrO, Ca0, CuO,

o _and Sm,,; with a punty of 99 percent or more were used.

~The Sr0, Ca0, CuO was mixed so that the atomic ratio of 65

o the Sr:Ca:Cu was 2:1:2 and the mixture was heat-treated in

;f: - atmosphere for twenty hours at the temperature of 900° C.

four-terminal method,

- confirm
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This powder was crushed in an agate mortar, and the
resulting powder was mixed with the T1,05 and PbO so that |
the atomic ratio of the T1:Pb:Sr:Ca:Cu was 0.5:0.5:2:1:2.
When the powder was mixed sufficiently in the agate mortar,
it was pressurized and molded into a the form of a disk 20
mm in diameter and 2 mm in thickness, and was placed in
an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
resulting sintered material was subjected to X-ray diffrac-
tometry for powder; it was confirmed that
(Tl, sPbg 5)S1,CaCu, O, was generated, without any other
material being produced. The superconductive critical tem-
perature of this sintered material was measured by the d.c.
and it was found that the electric
resistance reached zero at 95 K. A VSM was used to measure
the B-H curve of this sintered specimen at 77 K., and the
superconductive critical current density Jc flowing inside the
crystal grains of (Tl, sPb, s)Sr,CaCu,0O, of the sintered
material was determined, based on the size of the hysteresis.
The result was that the Jc value was 900 A/cm? when the
applied magnetic field was 1 tesla.

Next, Sm was substituted for atoms of Ca of the oxide
superconductive material (Tl; Pb, 5)S1,CaCu,0; to form
non-superconductive material (Tl, sPb, 5)5r,SmCu,0,. The
SrO, Sm,0,; and CuO were mixed so that the atomic ratio of
Sr:Sm:Cu was 2:1:2, and were heat-treated at 900° C. for
twenty hours in the atmosphere. This powder was crushed in
an agate mortar, and the resulting powder was mixed with
the T1,0; and PbO so that the atomic ratio of the Tl:Pb-
:Sr:Sm:Cu was 0.5:0.5:2:1:2. When the powder was mixed
sufficiently in the agate mortar, 1t was pressurized and
molded into the form of a disk 20 mm in diameter and 2 mm
in thickness, and was placed in an alumina crucible with a
cover, to be heat-treated in the atmosphere for five hours at

" the temperature of 900° C. The resulting sintered material

was analyzed by X-ray diffractometry for powder; it was
confirmed that (Tl, ;Pb0.5 )Sr,SmCu,0, was generated,
without any other material being produced. The electric
resistance of this sintered material was measured by the d.c.
four-terminal method while changing the temperature. The
electric resistance was about 10” (10 raised to second power)

ohms.cm at about 300 K., with the temperature dependency
being that of a semiconductor. The measurement was con-

tinued up to 4.2 K. without attaining superconductivity
within that range.

Next, powder (Tl,;Pb0.5 )Sr,CaCu,O, and powder
(T1, Pb, s)Sr,SmCu,0, sufficiently crushed in the agate
moriar were mixed so that the molar ratio between
(Tl, Pby 5)S1,CaCu,0, and (Tl, sPbg 5)Sr,5mCu, O, was
0:1. They were then pressurized and molded into the form of
a disk 20 mm in diameter and 2 mm in thickness, and were
placed in an alumina crucible with a cover, to be heat-treated

- in the atmosphere for one hour at the temperature of 1050°

C. Then they were continuously sintered for five hours at a
reduced temperature of 900° C. The resulting sintered mate-
rial was analyzed by X-ray diffractometry for powder to
that (Tl, sPb, 5)Sr,CaCu,0, and-
(T1, <Pb, )Sr,SmCu,0., were present, without any other
material being produced. A scanner type electron micro-
scope was used to observed the structure of this sintered
material, and traces were found which showed that the liquad
phase was once formed. The superconductive critical tem-
perature of this sintered material was measured by the d.c.
four-terminal method, and it was found that the electric
resistance reached zero at 95 K. A VSM was used to measure
the B-H curve of this sintered specimen at 77 K. The
superconductive critical current.density Jc flowing inside the
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crystal grains of (Tl, sPbg 5)Sr,CaCu, 0, constituting the
sintered material was determined, based on the size of the
hysteresis. The result was that the Jc value was 14000 A/cm?
when the applied magnetic field was 1 tesla. This shows that
the (Tl, sPby s)S1,SmCu, 0, serves as a very etfective pin-
ning center for the oxide superconductive material
(Tl sPby 5)Sr,CaCu,0,. It was also found that heat treat-
ment at the temperature at which the liquid phase 1s gener-
ated was effective in generating a superconductor to manu-
facture a superconductive material with a high Jc value in a
magnetic field.

Next, this sintered material was again crushed and a
golden pipe of 6 mm outer diameter and 4 mm inner
diameter was filled with the powder. It was then rolled to a
thickness of 0.1 mm after being drawn up to the outer
diameter of 0.5 mm. This was cut off into a specimen of 30
mm, which was heat-treated at the temperature of 950° C. in
the atmosphere for ten hours.

The superconductive critical temperature of this specimen
was measured by the d.c. four-terminal method in a mag-
- netic field of 1 tesla at 77 K. and the Jc value was found to
be 12000 A/cm?.

Embodiment 19

As the starting matenals, T1,05, PbO, SrO, Ca0Q, CuO,
and Sm,0O; with a purity of 99 percent or more was used.
The SrO, CaQ, Cu0O were mixed so that the atomic ratio of
the Sr:Ca:Cu was 2:1:2 and was heat-treated in atmosphere
for twenty hours at a temperature of 900° C. This powder
was crushed in an agate mortar, and resulting powder was
mixed with the Ti,0, and PbO so that the atomic ratio of the
T1:Pb:Sr:Ca:Cu was 0.5:0.5:2:1:2. The powder was mixed
sufficiently in the agate mortar and was placed in an alumina
crucible with a cover. The powder was maintained in the
atmosphere at a temperature of 1100° C., to be converted
into the molten state. It was then put into liquid nitrogen to
be cooled abruptly. The resulting lump was crushed and was
pressurized and molded into the form of a disk 20 mm 1n
diameter and 2 mm in thickness, and was placed in an
alumina crucible with a cover to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
resulting sintered material was analyzed by X-ray diffrac-
tometry for powder; it was confirmed that
(Tl, sPb, 5)Sr,CaCu,0, was generated, without any other
material being produced. The superconductive critical tem-
perature of this sintered material was measured by the d.c.
four-terminal method, and it was found that the electric
resistance reached zero at 96 K. A VSM was used to measure
the B-H curve of this sintered specimen at 77 K., and the
superconductive critical current density Jc flowing inside the
crystal grains of the (Tl, sPb, 5)Sr,CaCu,O, of the sintered
material, based on the size of the hysteresis. The result was
that the Jc value was found to be 1000 A/cm*when the
applied magnetic field was 1 tesla.

Next, Sm was substituted for atoms of Ca of the oxide
superconductive material (Tl sPb, 5)Sr,CaCu, O, to form
non-superconductive maternial (Tl, sPb, 5)Sr,SmCu, 0.

The SrO, Sm, 0, and CuO were mixed so that the atomic
ratio of Sr:Sm:Cu was 2:1:2, and the mixture was heat-
treated at 900° C. for twenty hours 1n the atmosphere. This
powder was crushed in an agate mortar, and the resulting
powder was mixed with the T1,0; and PbO so that the
atomic ratio of the T1:Pb:Sr:Sm:Cu was 0.5:0.5:2:1:2. When
the powder was mixed sufficiently in the agate mortar, 1t was
pressurized and molded into the form of a disk 20 mm 1in
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diameter and 2 mm in thickness, and was placed in an
alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
resulting sintered material was analyzed by X-ray difirac-
tometry for powder; it was confirmed that
(Tl, <Pb, <)S1,SmCu,0., was generated, without any other
material being produced. The electric resistance of this
sintered material was measured by the d.c. four-terminal
method while changing the temperature. The electric resis-
tance was about 107 (10 raised to second power) ohms.cm
at about 300 K., with the temperature dependency being that
of a semiconductor. The measurement was continued up to
4.2 K. without attaining superconductivity within that range.

Next, powder ( Tl,Pb,s)Sr,CaCu,O, and powder
(Tl, sPbg 5)S1,SmCu,0, crushed in the agate mortar were
mixed so that the molar ratio between (
Tl sPbg s)S1,CaCu,0, and (Tl sPbg 5)Sr,SmCu, O, was
0:1. They were then pressurized and molded into the form of
a disk 20 mm in diameter and 2 mm in thickness, and were
placed in an alumina crucible with a cover, to be heat-treated
in the atmosphere for five hour at temperature of 900° C.
Then the resulting sintered material was analyzed by X-ray
diffractometry for powder to  confirm  that
(Tly sPbg 5)S1,CaCu,0, and (Tl sPb, 5)Sr,SmCu,0, were
present, without any other material being produced. The
superconductive critical temperature of this sintered mate-
rial was measured by the d.c. four-terminal method, and it
was found that the electric resistance reached zero at 95 K.
A VSM was used to measure the B-H curve of this sintered
specimen at 77 K. The superconductive critical current
density Jc flowing inside the crystal grains of (11, sPb0.5
)S1,CaCu, O, of the sintered material was detremined, based
on the size of the hysteresis. The result was that the Jc value
was found to be 13000 A/cm® when the applied magnetic

field was 1 tesla. This shows that the
(Tl sPbg 5)S1,SmCu,0O, serves as a very efiective pinning
center for the oxide superconductive maieral

(Tl, sPb, 5)S1,CaCu,0,. It was also found that use of the
material passing through the amorphous state is effective to
manufacture a superconductor featuring a high Jc value in a
magnetic field.

Next, this sintered material was again crushed and a
golden pipe of 6 mm outer diameter and 4 mm inner
diameter was filled with the powder. It was then rolled to a
thickness of 0.1 mm after being drawn up to the outer
diameter of 0.5 mm. This was cut off into a specimen of 30
mm, which was heat-treated at the temperature of 950° C. in
the atmosphere for ten hours.

The superconductive critical temperature of this specimen
was measured by the d.c. four-terminal method in a mag-
netic field of 1 tesla at 77 K. and the Jc value was found to
be 12000 A/cm®. The long wire, after being rolled, was
wound in a coil, and was heat-treated at a temperature of
950° C. in the atmosphere for ten hours. This coil was put
into the liquid nitrogen, and an electric current was applied
to it. A magnetic field of 1.0 tesla could be generated with
the wire remaining superconductive.

Embodiment 20

As the starting matenals, T1,0,, PbO, SrO, Ca0O, CuO,
and Sm,0, with a purity of 99 percent or more were used.
The SrO, Ca0, Cu0O were mixed so that the atomic ratio of
the Sr:Ca:Cu was 2:2:3 and was heat-treated in the atmo-
sphere for twenty hours at the temperature of 900° C. This
powder was crushed in an agate mortar, and the resulting
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- powder was mixed with the T1,0, and PbO so that the

atomic ratio of the TI:Pb:Sr:Ca:Cu was 0.5:0.5:2:2:3. The
- powder was mixed suﬁmently in the agate mortar and was

o placed in an alumina crucible with a cover, to be heat-treated
at the temperature of 850° C. in the atmosphere for five

o ‘hours. The resulting sintered material was analyzed by X-ray
~ diffractometry for powder and the result was analyzed by the
- Rietveld method, to confirm that a superconductwe material

having the crystal structure shown in FIG. 3 was prcsent
- with a percentage of at least 90%.

~ The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method, and

- it was found that the electric resistance reached zero at 113

K. A VSM was used to measure the B-H curve of this

~sintered specimen at 77 K., and the superconductive critical

“current density Jc flowing inside the crystal grains of
- (T, stO_S)SrZCaCug()g__O'f the sintered specimen, based on

- the size of the hysteresis. The result was that the Jc value
was found to be 1000 A/cm when the apphed magnetlc field
- was 1 tesla. : |

- Next, Sm was subsututed for atoms of Ca in the oxide
- superconductive material (Tl, <Pb, )S1,CaCu,O, to form
| non-superconductwe material (T, <Pb, 5)S1,5mCu;3 0.

The SrO, Ca0, Sm,0, and CuO were mixed so that the

- '_atormc ratio of Sr:Ca:Sm:Cu was 2:1:1:3 and the mixture
-~ was heat-treated in atrnosPhcre for twenty hours at a tem-

perature of 900° C. This powder was crushed in an agate
- mortar, and resulting powder was mixed with the Ti,O, and

" PbO so that the atomic ratio of the TI:Pb:Sr:Ca:Sm:Cu was

o '0.5.0.5.2.1.1.3. The powder was mixed sufficiently in the
agate mortar and was was pressurized and molded into the

form of a disk 20 mm in diameter and 2 mm in thickness;

‘then it was placed in an alumina crucible with a cover, to be
- heat-treated in the atmosphere for five hours at the tempera-
“ture of 900° C. The resulting sintered material was subjected
~to X-ray diffractometry for powder, and the result was
~ analyzed by the Riedweld method, to confirm that a super-

- conductive material having the crystal structure shown in
~ FIG. 3 was present with a percentage of at least 90%. The
~ superconductive critical temperature of this sintered mate-
- rial was measured by the d.c. four-terminal method while

- changing the tcmperature The electric resistance was about

- 107 (10 raised to second power) ohms.cm at about 300 K.,

~with the temperature dependency being that of a semicon-
~.ductor. The measurement was continued up to 4.2 K. without

jﬁatt.::unmg superconductivity within that range.
- Next, powder (T10.5 Pb, S)SIQCB,CH309 and powder

. . (TIO sPbyg. S)SrZSmCu309 crushed in the agate mortar were

‘mixed so that the molar ratio between
~ (Tly.sPby 5)Sr,CaCu,0, and (Tl sPbg 5)S1,SmCu,0y was

~ 9:1. They were sufficiently mixed in the agate mortar, were
. pressurized and molded into the form of a disk 20 mm in

diameter and 2 mm in thickness, and were placed in an

- alumina crucible with a cover, to be heat-treated in the

~ atmosphere for five hours at a temperature of 900° C. Then
- the resulting smtered matcnal was analyzed by X-ray dif-
for ~ powder to  confirm that
Pb, <)St,SmCu,0, were

- superconductive critical temperature of this sintered mate-
tial was measured by the d.c. four-terminal method, and 1t

~ was found that the electric resistance reached zero at 110 K.

‘A VSM was used to measure the B-H curve of this sintered

- specimen at 77 K. The supcrt:onductive critical current

- density Jc flowing inside the crystal grains of the sintered
- material was determined, based on the size of the hysteresis.
_'-:The result was that the Jc value was found to be 15000
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A/cm* when the applied magnetic field was 1 tesla. This

shows that the (Tl, sPby 5)Sr,SmCu,0y serves as a very
effective pinning center for the oxide superconductive mate-
nial (Tl, sPb, 5)Sr,CaCu,O,.

‘Next, this sintered maternial was again crushed and a
golden pipe of 6 mm outer diameter and 4 mm 1inner
diameter was filled with the powder. It was then rolled to a
thickness of 0.1 mm after being drawn up to the outer
diameter of 0.5 mm. This was cut off into a specimen of 30
mm, which was heat-treated at the temperature of 950° C. in
the atmosphere for ten hours.

The superconductive critical temperature of this specimen
was measured by the d.c. four-terminal method in the
magnetic field of 1 tesla at 77 K. and the Jc value was found
to be 14000 A/cm?.

Embodiment 21

As the starting materials, T1,0,, PbO, SrO, CaQ, CuO,
Sm,0O, with a purity of 99 percent or more were used. The
SrO, Ca0, CuO were mixed so that the atomic ratio of the
Sr:Ca:Cu was 2:3:4 and the mixture was heat-treated in the
atmosphere for twenty hours at a temperature of 900° C.
This powder was crushed in an agate mortar, and resulting
powder was mixed with the T1,O, and PbO so that the
atomic ratio of the TI:Pb:Sr:Ca:Cu was 0.5:0.5:2:3:4. The
powder was mixed in the agate mortar and was placed 1n an
alumina crucible with a cover, to be heat-treated at a
temperature of 850° C. in the atmosphere for five hours. The

resulting sintered material was analyzed by X-ray diffrac-

tometry for powder. It was confirmed that
(T, sPbg 5)Sr,Ca;Cu,O,, was generated, without any other

- material being produced.

The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method, and
it was found that the electric resistance reached zero at 110
K. A VSM was used to measure the B-H curve of this
sintered specimen at 77 K. The superconductive critical
current density Jc flowing inside the crystal grains of
(T], sPbg 5)S1,Ca,Cu,O,, of the sintered material was deter-
mined, based on the size of hysteresis. The superconductive
critical current density Jc flowing inside the crystal grains of
(Tl, sPbg 5)S1,Ca;Cu,0,;, of the sintered specimen was
determined, based on the size of the hysteresis. The result

was that the Jc value was found to be 900 A/cm? when the

applied magnetic field was 1 tesla.

Next, Sm was substituted for atoms of Ca of the oxide
superconductive material (Tl, {Pb, 4)51,Ca,Cu,0,, to form
the non-superconductive maternial

(T, sPby 5)51,Cay,5mCu, 0y, .

The SrO, Ca0, Sm,0,; and CuO were mixed so that the
atomic ratio of Sr:Ca:Sm:Cu was 2:2:1:4 and was heat-
treated in the atmosphere for twenty hours at a temperature
of 900° C. This powder was crushed in an agate mortar, and
resulting powder was mixed with the T1,0, and PbO so that
the atomic ratio of the TL:Pb:Sr:Ca:Sm:Cu was
0.5:0.5:2:2:1:4. The powder was mixed sufficiently in the
agate mortar and was pressurised and molded into the form
of a disk 20 mm in diameter and 2 mm 1n thickness; then 1t

~was placed in an aluminia crucible with a cover, to be

heat-treated in the atmosphere for five hours at the tempera-
ture of 900° C. The resulting sintered material was subjected
to X-ray diffractometry for powder. It was confirmed that the
Sr,Ca,SmCu,0,, was generated, without any other material
being produced. The superconductive critical temperature of
this sintered material was measured by the d.c. four-terminal
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method while changing the temperature. The electric resis-
tance was about 10* (10 raised to the second power) ohm-
s.cm at about 300 K., with the temperature dependency
being that of a semiconductor. The measurement was con-
tinued up to 4.2 K. without attaining superconductivity
within that range.

Next, powder (T];Pb0.5 )Sr,Ca;Cu,O,, and powder
(Tly sPbg 5) Sr,Ca,Cu,0,; sufficiently crushed in the agate
mortar were mixed so that the molar ratio between the
(Tl sPbyg 5)81,Ca3Cu, 0y, and the (Tl sPbg 5)51,Ca,Cu,0y,
was 9:1. They were sufficiently mixed in the agate mortar,
were pressurised and molded 1nto the form of a disk 20 mm
in diameter and 2 mm in thickness, and the disc was placed
in an aluminia crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 850° C. Then
the resulting sintered material was analyzed by X-ray dif-
fractometry for powder to confirm that
(Tlp.sPbg 5)S1,Ca3Cu, 0y, and  (Tly sPbg 5)S1,Ca,Cu,0y,
were present, without any other material being produced.
The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method, and
the electric resistance was found to reach zero at 105 K. A
VSM was used to measure the B-H curve of this sintered
specimen at 77 K. The superconductive critical current
density Jc flowing inside the crystal grains constituting the
sintered material was determined, based on the size of the
hysteresis. The result found was that the J¢ value was 11000
A/cm? when the applied magnetic field was 1 tesla. This
shows that the (Tl, ;Pb, s)Sr,Ca,Cu,0,, serves as a very

effective pinning center for the oxide superconductive mate-
rial (Tl, sPb, 5)Sr,Ca,Cu,0,,.

Next, this sintered material was again crushed and a
golden pipe 6 mm in outer diameter and 4 mm in inner
diameter was filled with the powder. It was then rolled to a
thickness of 0.1 mm after being drawn up to the outer
diameter of 0.5 mm. This was cut off into a specimen of 30
mm, which was heat treated at a temperature of 900° C. in
the atmosphere for ten hours.

The superconductive critical temperature of this specimen
was measured by the d.c. four-terminal method in a mag-
netic field of 1 tesla at 77 K., and the Jc value was found to
be 11000 A/cm?.

Embodiment 22

As the starting materials, T1,05;, PbO, StO, Ca0, CuO,
Sm,0, with a purity of 99 percent or more were used.
Firstly, the SrO, Ca0O, CuQO were mixed so that the atomic
ratio of the Sr:Ca:Cu was 2:2:3 and the mixture was heat-
treated in the atmosphere for twenty hours at a temperature
of 900° C. This powder was crushed in an agate mortar, and
the resulting powder was mixed with the T1,0; and PbO so
that the atomic ratio of the TI:Pb:Sr:Ca:Cu was
0.5:0.5:2:2:3. They were mixed in the agate mortar. They
were then pressurized and molded into the form of a disk 20
mm in a diameter and 2 mm in thickness, which was placed
in an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 850° C. Then
the resulting sintered material was analyzed by X-ray dif-
fractometry for powder to confirm that (TlysPb0.5
)S1r,Ca,CusO, was generated, without any other material

being produced. The superconductive critical temperature of

this sintered material was measured by the d.c. four-terminal
method, and the electric resistance was found to reach zero
at 113 K. A VSM was used to measure the B-H curve of this
sintered specimen at 77 K. The superconductive critical
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current density Jc flowing inside the crystal grains of
(Tl, sPb, 5)S1,CaCu,0, constituting the sintered material
was determined, based on the size of the hysteresis. The
result found was that the Jc value was 1000 A/cm?® when the
applied magnetic field was 1 tesla. |

Next, this sintered material was heat-treated at a tempera-
ture of 950° C. in the atmosphere for one hour, and was
cooled to room temperature. The resulting sintered material
was analyzed by X-ray diffractometry for powder. It was
confirmed that Sr,CaCu,0,, CaO and CuO were generated
with very few components of other phase existing.

A scanner type electronic microscope was used to observe
the structure of this sintered material; crystal grains of CaO
and CuO with an average particle size of several microns
were separated inside and outside the crystal grains of
(T, sPby <)S1,CaCu,O, having an average particle size of
about 30 microns. The superconductive critical temperature
of this sintered material was measured by the d.c. four-
terminal method, and the electric resistance was found to
reach zero at 94 K. A YSM was used 10 measure the B-H
curve ol this sintered specimen at 77 K. The superconduc-
tive critical current density J¢ flowing inside the crystal
grains constituting the sintered material was determined,
based on the size of the hysteresis. The result found was that
the Jc walue was 8000 A/cm” when the applied magnetic
field was 1 tesla. This shows that effective pinning centers
can be formed by decomposing an oxide superconductive
material into another oxide superconductive material and
non-superconductive material.

Next, this sintered material was again crushed and a
golden pipe 6 mm in outer diameter and 4 mm in Inner
diameter was filled with the powder. It was then rolled to a
thickness of 0.1 mm after being drawn up to the outer
diameter of 0.5 mm. This was cut off into a specimen of 30
mm, which was heat-treated at a temperature of 900° C. in
the atmosphere for tem hours.

The superconductive critical temperature of this specimen
was measured by the d.c. four-terminal method at 77 K. in
the magnetic fields of 1 tesla, and the J¢ value was found to
be 7000 A/cm?. The long rolled wire was wound into a coil,

~and was heat-treated at 900° C. in the atmosphere for ten

hours. This coil was then put into hquid nitrogen, and
electric current was applied. A magnetic field of 0.5 tesla
was formed, with the wire remaining superconductive.

Embodiment 23

As the starting matenals, T1,0,, PbO, SrO, Ca0, CuQ,
Sm,O, with a purity of 99 percent or more were used.
Flrstly, the SrO, Ca0, CuO were mixed so that the atomic
ratio of the Sr:Ca:Cu was 2:1:2 and the mixture was heat-
treated in the atmosphere for twenty hours at a temperature
of 900° C. This powder was crushed in an agate mortar, and
the resulting powder was mixed with the T1,0, and PbO so
that the atomic ratio of the TI:Pb:Sr:Ca:Cu was
0.4:0.6:2:1:2. They were mixed in the agate mortar. They
were then pressurized and molded into the form of a disk 20
mm in diameter and 2 mm in thickness, which was placed
in an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. Then
the resulting sintered material was analyzed by X-ray dif-
fractometry for powder to confirm that
(T1, ,Pb, ()S1,CaCu, 0O, was generated, without any other
material being produced.

The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method, and
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N  the electric re31stance ‘was found to reaeh zero at 93 K. A

~~ VSM was used to measure the B-H curve of this sintered
~ specimen at 77 K. The superconductive critical current

 density Jc flowing inside the crystal grains of

. (Tly 4Pby ¢)S1,CaCu,0, constituting the sintered material
~ was determined, based on the size of the- hysteresas The
- result found was that the Jc value was 900 A/cm? when the

| applied magnetic field was 1 tesla | o
Next, Sm was substltued for atoms of Ca 1n the oxide

o superconductlve material (Tly ,Pb, 6)S1,CaCu, 0, to form

~ the non-supereunductwe material (Tl 4Pby 6)Sr,SmCu,0;.

) 810, Sm,0, and CuO were mixed so that the atomic ratio of
- 8r:Sm:Cu was 2:1:2, and the mixture was heat-treated in the

~atmosphere for twenty hours at a temperature of 900° C.

. This powder was crushed in an agate mortar, and the
- resulting powder was mixed with the T1,0, and PbO so that
- the atomic ratio of the TI:Pb:Sr:Sm:Cu was 0.4:0.6:2:1:2.
~ The powder was mixed in the agate mortar and was then
. pressurized and molded into the form of a disk 22 mm in
~ diameter and 2 mm in thickness; then the disc was placed in

~ an alumina crucible with a cover, to be heat-treated in the

atmosphere for five hours at a. temperature of 900° C. The

resulting sintered material was subjected to X-ray diffrac-
~tometry
- (Tly.4Pbg 6)S1,8mCu, 0 was generated, without any other

for powder. It .was confirmed that

: - material being produced.

The superconducuve cntrcal temperature of this sintered

 material was measured by the d.c. four terminal method
while changing the temperature. The electric resistance was

. about 10? (10 raised to second power) ohms.cm at about 300

~ - K., with the temperature dependency being that of a semi-
. conductor. The measurement was continued up to 4.2 K.
- without attaining superconductivity within that range.

Next, powder (Tlo 4Pb,, ﬁ)Sr2CaCu20 and powder

| -.(Tlo 4Pbg. ﬁ)SIZSmCuzo crushed in the agate mortar were
~ mixed

| SO that = the molar ratio  between
(Tl 4Pby, 6)Sr2CaCu20 and (Tl ,Pb, 6)S1,SmCu,0; was

. 9:1. They were mixed in the agate mortar, were prssurized
- and molded into the form of a disk 20 mm in diameter and
2 mm in thickness, and the disk was. placed in an alumina

~ crucible with a cover, to be heat-treated in the atmosphere

N . for five hours at a temperature of 900° C. Then the resulting
 sintered material was analyzed by X-ray diffractometry for
- powder to confirm - that (Tl, Pbg ¢)Sr,CaCu,O; and

 (Tly4Pby 6)ST,SmCu,0, were present, without any other

e material being produced. -

- The superconductive cntlcal temperature of this sintered

_I_natenal was measured by the d. c. four-terminal method, and
- the electric resistance was confirmed to reach zero at 110 K.
-~ A'VSM was used to measure the B-H curve of this sintered

specimen at 77 K. The superconductive critical current
‘density Jc flowing inside the crystal grains of

~(Tly 4Pb, ¢)S1,CaCu,0, constituting the sintered material
~was determined, based on the size of the hysteresis. The

~ result found was that the Jc value was 11000 A/cm? when the

~ applied magnetic field was 1 tesla. This shows that the

~ (T1,4Pb, ¢)Sr,CaCu,0, serves as a very effective pinning

o for the  oxide supercenduetive material
(T, 4Pby ¢)Sr,CaCu,0,.

- Next, this sintered material was erushed and mixed with

- -'.powdered CaO with an average parl:lcle size of about two
. microns in a volume ratio of 10 to 1. The mixture was then
- pressurized and molded into the form of a disk 20 mm in
~diameter and 2 mm in thickness, and the disk was placed in
~ an alumina crucible with a cover, to be heat-treated in the

" tmesphere for ten mmutes at a temperature of 1050° C. The
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temperature was then reduced to 900° C., at which the
mixture was heated for five hours. Then the resulting sin-
tered material was analyzed by X-ray diffractometry for
powder to confirm that (Tl,,Pb,)Sr,CaCu,O, and
(Tl, ,Pb, c)S1,SmCu, O, were present, with very few other

materials being produced. |

A scanner type electronic microscope was used to observe
the structure of this sintered matenial, and traces were found
which showed that the liquid phase was formed once. The

superconductive critical temperature of this sintered mate-
rial was measured by the d.c. four-terminal method, and the
electric resistance was found to reach zero at 90 K. A VSM
was used to measure the B-H curve of this sintered specimen
at 77 K. The superconducive critical current density Jc
flowing inside the crystal grains of the sintered material was
determined, based on the size of the hysteresis. The result
found was that the Jc value was 13000 A/cm, when the
applied magnetic field was 1 tesla. This shows that the Ca0O
particles are effectively working as pinning centers.

Next, this sintered material was again crushed and a
golden pipe 6 mm in outer diameter and 4 mm in inner
diameter was filled with the powder. It was then rolled to a

thickness of 0.1 mm after being drawn up to the outer
diameter of 0.5 mm. This was cut off into a specimen of 30
mm, which was heat-treated at a temperature of 1050° C. in
the atmosphere for ten minutes, and again heat-treated at a
reduced temperature of 900° C. for 5 hours. The supercon-
ductive critical temperature of this specimen was measured

by the d.c. four-terminal method in a magnetic field of 1 tesla
at 77 K., and the Jc value was found to be 13000 A/cm”.

Embodiment 24

A wire specimen was manufactured under the same
conditions as those used in Embodiment 17, except that SrO

was used instead of the CaO used in Embodiment 17. The

superconductive critical tempearture of this specimen was
measured by the d.c. four-terminal method in a magnetic
field of 1 tesla at 77 K., and the Jc value was found to be
12000 A/cm?.

Embodiment 25

A wire specimen was manufactured under the same
conditions as those used in Embodiment 17, except that
Ca,CuQ, was used instead of the CaQ used in Embodiment
17. The superconductive critical temperature of this speci-
men was measured by the d.c. four-terminal method in a
magnetic field of 1 tesla at 77 K., and the Jc value was found
to be 14000 A/cm?.

Embodiment 26

A wire specimen was manufactured under the same
conditions as those used in Embodiment 7, except that
Ca,PbQ, was used instead of the CaO used in Embodiment
17. The superconductive critical temperature of this speci-
men was measured by the d.c. four-terminal method in a
magnetic field of 1 tesla at 77 K., and the Jc value was found
to be 12000 A/cm?.

Embodiment 27

A wire specimen was manufactured under the same
conditions as those used in Embodiment 17, except that

- BaBiO, was used instead of the CaO used in Embodiment

17. The superconductive critical temperature of this speci-
men was measured by the d.c. four-terminal method in a
magnetic field of 1 tesla at 77 K., and the Jc value was found
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to be 12000 A/cm>.

Embodiment 28

A wire specimen was manufactured under the same
conditions as those used in Embodiment 17, except that
710, was used 1nstead of the CaO used in Embodiment 17.
The superconductive critical temperature of this specimen
was measured by the d.c. four-terminal method 1in a mag-
netic field of 1 tesla at 77 K., and the J¢ value was found to
be 3000 A/cm®.

Embodiment 29
As the starting materials, T1,0,, PbO, SrO, Ca0O, CuO,

Sm,0; with a purnity of 99 percent or more were used.

Firstly, the SrO, Ca0O, CuO were mixed so that the atomic
ratio of the Sr:Ca:Cu was 2:1:2 and the mixture was heat-
treated in the atmosphere for twenty hours at a temperature
of 900° C. This powder was crushed in an agate mortar, and
the resulting powder was mixed with the T1,0;, and PbO so
that the atomic ratio of the TI1:Pb:Sr:Ca:Cu was
0.5:0.5:2:1:2. They were mixed in the agate mortar. They
were then pressurized and molded into the form of a disk 20
mm in diameter and 2 mm in thickness. The disk was placed
in an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. Then
the resulting sintered material was analyzed by X-ray dif-
fractometry for powder to confirm that
(Tl sPbg 5)Sr,CaCu,0, was generated, without any other
material being produced.

The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method, and
the electric resistance was found to reach zero at 95 K. A
VSM was used to measure the B-H curve of this sintered
specimen at 77 K. The superconductive critical current
density Jc flowing inside the crystal grains of
(Tly sPbg 5)Sr,CaCu, 0, constituting the sintered material
was determined, based on the size of the hysteresis. The
result found was that the Jc value was 900 A/cm? when the
applied magnetic field was 1 tesla.

Next, Sm was substituted for atoms of Ca in the oxide
superconductive material (Tl, sPbg 5)S1,CaCu,O, to form
the non-superconductive material (T, sPb, 5)Sr,CaCu,0,.
Sr0, Sm, 0, and CuO were mixed so that the atomic ratio of
Sr:Sm:Cu was 2:1:2, and the mixture was heat-treated in the
atmosphere for twenty hours at a temperature of 900° C.
This powder was crushed in an agate mortar, and the
resulting powder was mixed with the T1,0; and PbO so that
the atomic ratio of the T1:Pb:Sr:Sm:Cu was 0.5:0.5:2:1:2.
The powder was mixed in the agate mortar and was then
pressurized and molded into the form of a disk 20 mm in
diameter and 2 mm in thickness; then the disk was placed in
an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
resulting sintered material was subjected to X-ray diffrac-
tometry for powder. It was confirmed that
(115 5Pbg 5)9r,SmCu, 0, was produced, without any other
material being produced.

The electric resistance of this sintered material was mea-
sured by the d.c. four-terminal method while changing the
temperature. The electric resistance was about 10° (10 raised
to second power) ohms.cm at about 300 K., with the
temperature dependency being that of a semiconductor. The
measurement was continued up to 4.2 K. without attaining
superconductivity within that range.

Next, powder (Tl sPbg,s)Sr,CaCu,0O,

and powder
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(Tly sPby 5)S1,SmCu, 0, crushed in the agate mortar were
mixed so that the molar ratio between the

(Tl sPby 5)81,CaCu,0O, and (11, Pb, 5)Sr,SmCu, O, had
different values 1:X (where the value of X was changed).
They were mixed in the agate mortar, were then pressurized
and molded into the form of a disk 20 mm in diameter and
2 mm in thickness, and the disk was placed in an alumina
crucible with a cover, to be heat-treated in the atmosphere
for five hours at a temperature of 900° C.

The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method, and
the electric resistance was found to reach zero at 110 K. A
VSM was used to measure the B-H curve of this sintered
specimen at /7 K. The the superconductive critical current
density Jc flowing inside the crystal grains constituting the
sintered matenal was determined, based on the size of the
hysteresis. The superconductive critical field densities were
determined when one tesla of magnetic field was applied,
and the results are shown in the following Table, with the
value obtained shown as “Jc’:

VALUE OF X Tc Jc
0 95 900
0.0001 95 950
0.0005 95 3000
0.01 95 5000
0.05 95 7000
0.10 95 12000
0.50 93 11000
1.0 93 S000
5.0 93 4000

10.0 89 100
Embodiment 30

As the starting materials, T1,0,, PbO, SrO, Ca0O, CuO and
rare earth elements with a purity of 99 percent or more were
used. Firstly, a oxide superconductive material was pro-
duced, in the same way as for Embodiment 17.

Next, a rare earth was substituted for atoms of Ca in the
oxide superconductive material (Tl, Pb, 5)Sr,CaCu,O, to
form the non-superconductive material
(Tl sPbg 5)S1,L.nCu,0, (where Ln is a rare earth). The SrO
rare earth oxide and CuO were mixed so that the atomic ratio
of Sr:Ln:Cu was 2:1:2, and the mixture was heat-treated in
the atmosphere for twenty hours at a temperature of 900° C.
This powder was crushed in an agate mortar, and the
resulting powder was mixed with the T1,0, and PbO so that
the atomic ratio of the Tl:Pb:Sr:Ln:Cu was 0.5:0.5:2:1:2.
The powder was mixed in the agate mortar and was pres-
surized and molded into the form of a disk 20 mm in
diameter and 2 mm in thickness; then the disk was placed in
an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
resulting sintered material was subjected to X-ray diffrac-
tometry for powder. It was confirmed that 90 percent or

more of the products were occupied by the
(Tl sPbg 5)S1,LnCu,0, in all specimens.

These sintered materials were measured by the d.c. four-
terminal method while changing the temperature. The elec-
tric resistance was about 10* (10 raised to second power)
ohms.cm at about 300 K., with the temperature dependency
being that of a semiconductor. The measurement was con-
tinued up to 4.2 K. without attaining superconductivity
within that range.
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- Next, powder (Tl;<Pbg S)SrZCaCuzO-, and powder
- (Tl 5Pb(,_ﬁ)SranCuzo7 crushed in the agate mortar were
mixed. so that the molar ratio between

(Tly sPbg 5)Sr,CaCu,0, ‘and (Tlo sPb, 5)S1,LnCu, 0O, was
- -9:1, They were mixed in the agate mortar, were then

B pressurized and molded into the form of a disk 20 mm in

| - diameter and 2 mm in thickness, and the disk was placed in
an alumina crucible with a cover, to be heat-treated in the

‘atmosphere for five hours at a temperature of 900° C. The

- superconductive critical temperature of this sintered mate-

~ rial was measured by the d.c. four-terminal method. Assum-
- ing the temperature at which the electric resistance reached

~_.zero to be “Tc”, a VSM was used to measure the B-H curve
B of this sintered specimen at 77 K. |

"~ The superconductive - critical current density flowing
1n31de the crystal grains constituting the sintered matenal

~ was determined, based on the size of the hysteresis. The

10

15

- superconductive critical current density Jc when the applied

magneuc current dcnSIty was 1 Tesla, and the results are

~shown in the following Table, which illustrates that the
~ (T1, sPb, 5)Sr,CaCu,O, works very effectively as a pinning

~ center for the oxide  superconductive material
(T, sPbg 5)Sr,CaCu,0,,. It also illustrates that there is not
- much difference among the rare earth elements.

RARE EARTH ELEMENT Te e

T | 92 11000
La 93 10000
Pr 91 5000
Nd 92 8000
PM 95 9000
Sm 95 12000
Eu 93 10000
Gd 94 8000
Tb 92 9000
Dy 83 11000
Ho 96 . 13000
Er 98 95000
Tm 96 11000
Yb 91 10000
Lu 92 12000 -

Embodlment 31

 Asthe starting materials, T1,0,, PbO, SrO, Ca0, CuO and

Sm,0, were used. Firstly, oxide superconductwe maternials
were produced, with a vanety of mixing ratios between T1

~ and Pb.
- The SrQ, Ca0O and CuO were mixed so that the atomic
-ratlo of Sr:Ca:Cu was 2:1:2, and the mixture was heat-

~_treated in the atmosphere for twenty hours at a temperature
of 900° C. This powder was crushed in an agate mortar, and

~ the resulting powder was mixed with the T1,0; and PbO so

T1:Pb:Sr:Ca:Cu  was

‘that the atomic ratio of the

© (1-X):X:2:1:2 (where the value of X was varied to produce

: superconductive materials with different percentages of Tl
“and Pb). They were mixed in the agate mortar, were then

‘pressurized and molded into the form of a disk 20 mm in a

~ diameter and 2 mm in thickness. The disk was placed in an

- alumina crucible with a cover, to be heat-treated in the
- atmosphere for five hours at a temperature of 900° C.
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~ Next, La was subsﬂtuted for atoms of Ca in the mude

- - 2 superconducﬂve materlal (T1,_,Pb_ )Sr,CaCu,O; to form the
 non-superconductive material (T1, Pb,)Sr,LaCu,0,. The

Sr0, La,0, and CuO were mixed so that the atomic ratio of
‘Sr:La:Cu was 2:1:2, and the mixture was heat-treated in the
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atmosphere for twenty hours at a temperature of 900° C.
This powder was crushed in an agate mortar, and the
resulting powder was mixed with the T1,0, and PbO so that
the atomic ratio of the T1:Pb:Sr:Ln:Cu was X-1:X:2:1:1:2.
The powder was mixed in the agate mortar and was then
pressurised and molded into the form of a disk 20 mm 1n
diameter and 2 mm in thickness; then the disk was placed 1n
an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
electric resistance of the resulting sintered material was

measured by the d.c. four-terminal method while changing
the temperature. The electric resistance was about 10* (10
raised to second power) ohms.cm at about 300 K., with the

temperature dependency being that of a semiconductor. The
measurement was continued up to 4.2 K. without attaining

superconductivity within that range.

Next, powder (Tl, Pb,)Sr,CaCu,0; and powder (Tl,.
xPb,)Sr,L.aCu,0, crushed in the agate mortar were mixed so

* that the molar ratio between the (T1,_Pb,)Sr,CaCu,O, and

(T1,_Pb,)Sr,L.aCu,0, was 9:1. They were mixed in the
agate mortar, were then pressurized and molded into the
form of a disk 20 mm in diameter and 2 mm in thickness,
and the disk was placed in an alumina crucible with a cover,
to be heat-treated in the atmosphere for five hours at a
temperature of 900° C.

The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method.
Assuming the temperature at which the electric resistance
reached zero was “Tc”’, a VSM was used to measure the B-H
curve of this sintered specimen at 77 K. The superconduc-
tive critical current density flowing inside the crystal grains
constituting the sintered material was determined, based on
the size of the hysteresis. The superconductive critical
current density Jc was determined when the applied mag-
netic current density was 1 Tesla, and the results are shown

in the following Table, which illustrates that the (TI,.

xPb_)Sr,CaCu,O., works very effectively as a pinning center
for the oxide superconductive material (Tl,_

xPb_)Sr,CaCu,0,. It also illustrates that there are differences

- in the performance of the superconductor according to the

percentages of the Tl and Pb contained therein; the values of
X should be within a certain range.

VALUE OF X Te Je
0.0 — 0
0.1 82 2000
0.2 89 7000
03 93 9000
0.4 95 12000
0.5 93 10000
0.6 96 13000
0.7 90 9000
0.8 83 6000
0.9 80 1000
1.0 — 0

Embodiment 32

As the starting materials, T1,0,, PbO, Bi,0,, 510, Ca0,
CuO and La,0, were used. Firstly, oxide superconductive
materials were produced with various mixing ratios of Tl
and Pb. The SrQ, Ca0O and CuO were mixed so that the
atomic ratio of Sr:Ca:Cu was 2:1:2, and the mixture was
heat-treated in the atmosphere for twenty hours at a tem-

~ perature of 900° C. This powder was crushed in an agate
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mortar, and the resulting powder was mixed with the T1,O,,
PbO and Bi1,0; so that the atomic ratio of the T1:Pb:Bi:Sr-
:Ca:Cu was 0.4:(0.6-X):X:2:1:2 (where the value of X was
varied to produce superconductive materials with different
percentages of the T1, Pb and Bi). They were mixed in the
agate mortar, were then pressurized and molded into the
form of a disk 20 mm in diameter and 2 mm in thickness,
and the disk was placed in an alumina crucible with a cover,
to be heat-treated in the atmosphere for five hours at a
temperature of 900° C.

Next, La was substituted for atoms of Ca in the oxide
superconductive material (Tl, ,Pb, ¢, Bi,)Sr,CaCu,0, to
form the non-superconductive material (Tl, Pb, ..
xB1,)S1,L.aCu,0,. The SrO, La, 0, and CuO were mixed so
that the atomic ratio of Sr:La:Cu was 2:1:2, and the mixture
was heat-treated in the atmosphere for twenty hours at a

temperature of 900° C. This powder was crushed in an agate
mortar, and the resulting powder was mixed with the T1,0,,
PbO and B1,0, so that the atomic ration of the T1:Pb:Bi:S-
r:La:Cu was 0.4:(0.6-X):X:2:1:2. They were mixed in the
agate mortar, were pressurized and molded into the form of
a disk 20 mm in diameter and 2 mm in thickness, and the
disk was placed in an alumina crucible with a cover, to be
heat-treated in the atmosphere for five hours at a temperature
of 900° C. The electric resistance of this sintered material
was measured by the d.c. four-terminal method while chang-
ing the temperature. The electric resistance was about 102
(10 raised to second power) ohms.cm at about 300 K., with
the temperature dependency being that of a semiconductor.
The measurement was continued up to 4.2 K. without
attaining superconductivity within that range.

Next, powder (Tl,,Pby,.Bi,)Sr,CaCu,0, and
(Tlg 4Pbg 6..B1)S1,LaCu, 0, crushed in the agate mortar
were mixed so that the molar ratio of the (Tl, Pb,g.
xB1,)S1,CaCu,0; and (Tl, ,Pb, ¢ ,Bi,)}Sr,LaCu,0, was 9:1.
They were mixed in the agate mortar, were pressurized and
molded into the form of a disk 20 mm in diameter and 2 mm
in thickness, and the disk was placed in an alumina crucible
with a cover, to be heat-treated in the atmosphere for five
hours at a temperature of 900° C. The superconductive
critical temperature of this sintered material was measured
by the d.c. four-terminal method. Assuming the temperature
at which electric resistance reached zero was “Ic”, a VSM
was used to measure the B-H curve of this sintered specimen
at 77 K. The superconductive critical current density flowing
inside the crystal grains constituting the sintered material
was determined, based on the size of the hysteresis. The
superconductive critical current density Jc was found when
the applied magnetic current density was 1 Tesla, and the
results are shown in the following Table, which illustrates
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that the (Tl, ,Pb, 4., Bi,)Sr,LaCu, 0, works very effecitvely

as a pinning center for the oxide superconductive material
(Tl 4Pby 5, B1)Sr,CaCu,O,. It also shows that there are
differences in the performance of the superconductor
according to the percentage of the Tl, Pb and Bi contained
therein; the values of X should be within a certain range.

VALUE OF X Tc Jc
0.0 06 14000
0.1 97 13000
0.2 92 9000
0.3 90 7000
0.4 88 5000
0.5 86 3000
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-continued
VALUE OF X Tc Jc
0.6 72 0

Embodiment 33

As the starting materials, T1,0;, PbO, SrO, BaO, CaO,
CuO, Sm,0; were used. Firstly, the SrO, BaO, Ca0, and
CuO were mixed so that the atomic ratio of Sr, Ca, Ca, Cu,
was 2(1-X):2X:1:2, and the mixture was heat-treated in the
atmosphere for twenty hours at a temperature of 900° C.
This powder was crushed in an agate mortar, and the
resulting powder was mixed with the T1,O; and PbO so that
the atomic ratio of the TL:Pb:Sr:Ba:Ca:Cu was 0.5:(0.5
-X):2(1-X):2X:1:2. They were mixed in the agate mortar,
were pressurized and molded into the form of a disk 20 mm
in diameter and 2 mm in thickness, and the disk was placed
in an alumina crucible with a cover to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
resulting sintered material was subjected to X-ray diffrac-
tometry for powder. It was confirmed that the majority (90
percent or more) of the products were (Tl Pb, 5 )(Sr,.
xBa ),CaCu,O, with very few other products.

Next, Sm was substituted for atoms of Ca in the oxide
superconductive material (Tl; sPbg 5)(Sr;_Ba, ),CaCu,O, to
form the non-superconductive material (T, sPb, s)(Sr,.
xBa, ),SmCu,0,.

The SrO, BaO and CuO were mixed so that the atomic
ratio of Sr:Ba:Sm:Cu was 2(1-X):2X:1:2, and the mixture
was heat-treated in the atmosphere for twenty hours at a
temperature of 900° C. This powder was crushed in an agate
mortar, and the resulting powder was mixed with the T1,0,
and PbO so that the atomic ratio of the T1:Pb:Sr:SM:Cu was
0.5:0.5:2(1-X):2X:1:2. They were mixed in the agate mortar,
were pressurized and molded into the form of a disk 20 mm
in diameter and 2 mm in thickness, and the disk was placed
in an alumina crucible with a cover, to be heat-treated in the
atmosphere for five hours at a temperature of 900° C. The
resulting sintered material was subjected to X-ray diffrac-
tometry for powder. It was confirmed that (Tl, sPb, <)}(Sr,_
xBa,),SmCu,0,, was produced, without any other material
being produced.

The electric resistance of this sintered material was mea-
sured by the d.c. four-terminal method while changing the
temperature. The electric resistance was about 10% (10 raised
to second power) ohms.cm at about 300 K., with the
temperature dependency being that of a semiconductor. The
measurement was continued up to 4.2 K. without attaining
superconductivity within that range.

Next, powder (Tl,sPb,s)(Sr, Ba, ),CaCu,0, and
(Tlp sPbg 5)(Sr,_Ba,),SmCu,O, crushed in the agate mortar
were mmxed so that the molar ratio between the
(Tl sPby 5)(Sry . Ba,), SrCa0;, and (Tl sPbys)(Sr;.
xBa, ),SmCu,0, was 9:1. They were mixed in the agate
mortar, were pressurized and molded into the form of a disk
20 mm in diameter and 2 mm in thickness, and the disk was
placed in an aluminia crucible with a cover, to be heat-

treated 1n the atmosphere for five hours at a temperature of
900° C. '

The superconductive critical temperature of this sintered
material was measured by the d.c. four-terminal method.
Assuming the temperature at which the electric resistance
reached zero was “Ic”, a VSM was used to measure the B-H
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' 'curve of this srntered specunen at '77 K. The superconduc—

. tive critical current density flowing inside the crystal grains
eenstltutmg the sintered material was determined, based on

~ current density Jc was determined when the applied mag-

~ netic current density was 1 Tesla, and the results are shown
~in the following Table,
- (T, <Pb, <)(Sr,_Ba,),SmCu,0., works very effectively as a.
~ pinning center for ‘the oxide superconductive material
-~ (Tlg sPbg 5)(Sr;_Ba,),CaCu,0,. 1t is also illustrates that Jc

whrch 1]lustrates that the

value of the superconductor in a magnetrc field 1s not

" the size of the hysteresis. The - superconductive critical

10

~ sensitive to the percentage of the Sr and Ba contained -

‘therein.
VALUE OF X | Tc Jc
00 95 12000
0.1 95 11000
0.2 - 96 11000
0.3 - 97 12000
04 - 97 13000
0.5 96 11000
0.6 96 11000
0.7 97 10000
0.8 08 12000
0.9 - 98 2000
1.0 08 10000

' Embodimem 34

~ The sintered matenal cf the semiconductor produced in
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~ Embodiment 18 was cooled and made superconductive, and

- was floated on a magnet made of samarium cobalt magnet
- available on the market. A weight of 30 grams was placed

~ thereon, and the floating height was found to be approxi-
~mately 5 mm, showing that the material can be used effec-
- tively for transportation systems and bearings. |

':_?-Embcdiment 35

 FIG. 6 represents the construction of a superconductive

35

- wire according to examples of the present invention. The

 wire has superconductor 16 coated with an alloy coating

“material 17 of gold and 5 percentage-by-weight palladium,
- having a flat shape. The coating matenial 17 may be of any
- metal so long as it does not react significantly with the

B superconducter gold, silver, palladmrn ccpper/alurmmum

alloy and nickel are preferred
A sintered specimen of the superccnductor produced in

. Embodlment 33 was crushed, put into an alloy pipe of gold

o and 5 weight percent of palladmm the pipe being 100 mm

~in length, 6 mm in outer diameter and 5 mm in inner

~ diameter. The pipe was sealed and was then drawn to an
~ outer diameter of 1 mm by a draw-bench, and the wire thus

“produced was further rolled by a cold rollmg machine to

- obtain a wire with a flat sectional structure having a width
~ of 3 mm and thickness of 0.2 mm. The wire was cut into a
~ length of 250 mm, and was placed and kept in the atmo-
~ sphere at 950°. After part of the wire was molten, it was

placed into liquid nitrogen to be quenched. After that, the

~ wire was heat-treated at 880° C. for twenty hours. The

critical current density of the specrmen was measured by the
d.c. four terminal method at 77 K. in the magnetic field of

 one tesla, with the result being found to be 11000 A/cm,. An

~electron microscope was used to observe the orientation of
- the superconductive crystals ‘which revealed that approxi-

~mately ﬁfty percent cf the C-axes of the crystals faced
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toward the direction of thickness.

- The present invention may thus provide a superconductor,
a superconductive wire and a superconductive magnet using
oxide superconductive material of high superconductive
critical current density even in a high intensity of magnetic
field, which are driven by cooling of not only liquid helium
but also liquid nmitrogen.

What is claimed 1s:
1. A superconductive body comprising at least one super-
conductive material selected from the group consisting of:

L. (Tl; x1 3x2PbxiBiys)o (ST _x3Bays),3Ca,, Cus 50, where
0=X1=0.8
0=X2=0.5
0=X3=1.0
0.7=0=1.5
0.7=P=1.5
0.7=2y=1.5
0.7=0=1.5
6.0=(=140
0<X1+X2<0.6,
IL. (T}, x; x2Pbx Bixs)osr1-x3Baxa)2pCa,Cuy507, wWhere
0=X1=0.8
0=X2=0.5
0=X3=1.0
0.720=1.5
0.7=PB=1.5
0.7=y=1.5
0.7=0=1.5
- 45=(=11.0
0<X1+X2<0.6, and

1I. (Tl x; -szbxrBixz)m(Sr1-stam)zpC337cu4aoc
where . |
0=X1=0.8
0=X2=0.5
0=X3=1.0
0.7=a=1.5
0.7=B=1.5
0.7=vy=1.5
0.7=0=1.5
714=5(0=17.0
0<X1+X2<0.6,

and containing at ieast one non-superconductive material
including an oxide of at least one element selected from the

group consisting of elements in said superconductive mate-

rial; said at least one non-superconductive material provid-
ing pinning centers within the superconductive body; said

- superconductive body exhibiting a Jc of at least 10,000

A/cm? under a magnetic field of 1 Tesla at 77 K.
2. A superconductive body according to claim 1, wherein:

0.3=X1=0.6
0=X2=0.2

0.1=X3=0.5

3. A superconductive body according to claim 1, wherein
said at least one non-superconductive material 1s selected
from the group consisting of SrO, CuO, Cu,PbO,, BaPbO,,
BaBiQ,, (Ca,Sr),Cu0O,; and (Ca,Sr) CuO,.

4. A superconductive body according to claim 1, wherein
said at least one superconductive material forms a plurality
of grains of said body, and said at least one non-supercon-
ductive material is present within the individual grain of the
superconductive material.

5. A superconductive body according to claim 1, wherein

said at least one superconductive material forms a plurality

of grains of said body, and said at least one NON-Supercon-
ductive material is present outside of said grain of the

superconductive material.
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6. A superconductive body according to claim 1, wherein
said at least one superconductive material forms a plurality
of grains of said body, and at least 50% of said plurality of
grains have the crystal C-axis orentation thereof in a
predetermined direction. |

7. A superconductive body according to claim 1, wherein
said at least one non-superconductive material forms a a part
of grains of said body, and the grains of said non-supercon-
ductive material have an average siz¢ of 1 nm to 1 ym.

8. A superconductive body according to claim 1 wherein
the ratio by volume of said at least one non-superconductive
material and said at least one superconductive material 18
0.01 to 10.

9. A superconductive body according to claim 1, wherein
the average spacing between particles of said non-supercon-
ductive material 1s from 1 nm to 1 pm.

10. A superconductive body according to claim 1, also
including at least one metallic material having normal

electrical conductivity.

11. A suoperconductive body according to claim 10,
wherein said metallic material is selected from the group
consisting of Ag, Au and Pt group metals.

12. A superconductive body comprising an oxide super-
conductive material of the formula; (T1,_y;_x»PbyBiy,)(S1; .
x3Ba,,),CaCu, 0, 5,, where 0=X1<0.8, 0=X2<0.5,
0<X3=1, 0<X14X2<1, and —0.5<X4<0.5) having a crys-
talline structure and a non-superconductive material of at
least one of (T1,_y;.xPby; Blys)(S1; 43Bay;),L.nCu, 0 54,
(where Ln is yttrium or one or more of the elements selected
from the rare earth elements, and —0.5<X4<0.5 ) and (T1,_
x1-x2Pb,, Bi,.,)LnSrCaCu,0,, v,, (where Ln 1s yttrium or
one or more of the elements selected from the rare earth
elements, and —0.5<X4<0.5 ) having a crystalline structure
isostructural with that of said superconductive material and
providing pinning centers within the superconductive body;
said body exhibiting a Jc of at least 10,000 A/cm” under a
magnetic field of 1 Tesla at 77 K.

13. A superconductive body comprising,

(1) an oxide superconductive material of the formula:
(T1, (x> PbyBiy,) (ST, 33Bays),CaCu, 0, y,, (Where
0=X1<0.8, 0=X2<0.5, 0<X3=1, 0<X1+X2«1, and
~0.5<X4<0.5), having a crystalline structure

(2) a non-superconductive material being at least one of
(T1)_x1.x2Pbx 1 Bixo)(S1;_y3Bays)LnCu,04, 54, (where
Ln is yttrium or one or more of the elements selected
from the rare earth elements, with —0.5<X4<0.5 ) and
(Tl; 1 x> PbyBi,,)L.nSrCaCu,0-, ,, (where Ln is
yttrium or one or more of the elements selected from
the rare earth elements, with —0.5<X4<0.5 ) having a
crystalline structure isostructural with that of said
superconductive material and providing pinning cen-
ters within the superconductive body, and

(3) a part of metal; said supercondutive body exhibiting a
Jc of at least 10,000 A/cm” under a magnetic field of 1

Tesla at 77 K.

14. A superconductive body containing both a supercon-
ductive material selected from the group consisting of:

(T1,_x1-x2Pbx1Bixn) o (ST _x3Bays),5Ca,, Cuy 50, where
0=X1=0.8
0=X2=0.5
0=X3=1.0
0.7=a=1.5
0.7=B=1.5
0.7=y=1.5
0.7=0=1.5
6.0=(=14.0
0<X1+X2 <1

IL (T1;_x1.x2Pbyx1 Biys) o Sty x3Bays3)sCa,Cu,s0, where
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0=X1=0.8
0=X2=0.5
0=X3=1.0
0.7=a=1.5
0.7=B=1.5
0.7=6=1.5
0.7=vy=1.5
45=(=11.0
0<X1+X2<«1,

(T1;_x1-x2Pbx1 Bixn)o (813 .x3Bays)pCa5,Cl, 50,

where

0=X1=0.8

0=X2=0.5

0=X3=1.0

0.7=20=1.5

0.7=B=1.5

0.7=vy=1.5

0.7=0=1.5

74=(=17.0

0<X1+4+X2<]1, and
the non-superconductive material selected from the group
consisting of:

L (T1;_x1 x2Pbx1 Bixs) (ST _x3Bays)oplnCus o, Where

0=X1=0.8

0=X2=0.5

0=X3=1.0

0.7=0=1.5

0.7=B=1.5

0.7=vy=1.5

0.7=0=1.5

6.0=0=14.0

0<X1+X2<«1

Ln: Y, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb

and Lu

I (T1,.x;.x2Pbx1 Bixs)o (ST x3Bays),aln Cuy50, where

0=X1=0.8

0=X2=0.5

0=X3=1.0

0.7=0=1.5

0.7=B=1.5

0.7=v=1.5

0.720=1.5

4.5=(=11.0

0<X1+X2 <1, and Ln: Y, Pr, Nd, Pm, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb and Lu

(Tl1-Jfl-szmeixz)u(Srl-XBBam)zﬂanqcuaasoc

I1I.
where
0=X1=0.8
0=X2=0.5
0=X3=1.0
0.7=0=1.5
0.7=P=1.5
0.7=y=1.5
0.7=0=1.5
714=(=17.0
0<X1+X2<1,
Ln: Y, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb
and Lu;
said non-superconductive material providing pinning cen-
ters within the superconductive body and said body having
a Jc of at least 10,000 A/cm® under a magnetic field of 1
Tesla at 77 K. |

15. A superconductive composite according to claim 14,
wherein said non-superconductive material 1s isostructural
with said superconductive material.

I S T
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